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Preface

The loss of fiscal, material, and personnei
resources and the degradation of mission
readiness as a result of aircraft accidents are
important areas of concern for NATO nations.
Tremendous technological advances in human
operated aviation systems have made it
possible to significantly expand the operational
role of NATO military aviation and allowed
persons operating those systems to accomplish
increasingly more complex missions. At the
same time these advances have tremendously
complicated human tasks and increased aircrew
workload to the point of overloading human
capabilities. Also, the cost of producing these
sophisticated aviation systems and of the
training of humans to operate them have
become exponentially more expensive,
concurrently drastically increasing the cost of
losses due to aviation accidents.

As the complexity of aviation systems has
increased. so has the task of investigating
aircraft accidents. New technologies have had
10 be applied in order to determine the causes
of accidents and new techniques developed in
order to assess such things as the mechanisms
of injuries sustained in accidents. Human
factors continue to cause the vast majority of
aviation accidents, and the accurate depiction
of accidental injuries and fatalities continues te
be a challenge to epidemiologists as they
endeavor to isolate causative factors of both

accidents and injuries. so that remedial
measures can be taken to reduce accident rates
and morbidity and mortality.

The AGARD Executive, the Aerospace
Medical Panel, and its Biodynamics and
Human Factors Committees decided upon this
Symposium as an efficient means of pulling
together information on how NATQ nations are
addressing the tasks of investigating the
aerospace medical aspects of aircraft accidents.
These proceedings are the product of that
effort; a compilation of papers detailing proven
investigative techniques, analyzing accident
information from vast databases, describing
successes in prevention, and proposing new
research areas attacking yet to be solved
problems.

Papers cover the following topics:

- human factor causes of accidents;

- occupant injury investigation
(including simulation);

- test devices for dynamic response;

- fixed and rotary wing aircraft accident
data;

- spatial disorientation;

- injury and accident prevention;

- post crash fire, toxicology, and
forensic pathology;

- crew €ITor prevention;

- crew risk factors
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Préface

La perte de moyens matériels, personnels et
fiscaux et la dégradation de la disponibilité
opérationnelle qui résultent des accidents
d’avion sont des questions préoccupantes pour
les pays membres de I'OTAN. Les progres
technologiques énormes réalis€s dans le
domaine des systémes d’aviation pilotés ont
permis une extension considérable du rdle
opérationnel de I'aviation militaire de I'OTAN,
en autorisant les personnes qui pilotent ces
systémes & accomplir des missions de plus en
plus complexes.

En méme tecmps. ces progres ont rendu trés
compliqués les ftiches de 1'opérateur et
augmenté la charge de travail des équipages au
point de saturation des capacités humaines. De
plus, les coits de fabrication de ces systémes
d’aviation sophistiqués ct le coit de la
formation des opératcurs ont augmenté de
fagon cxponcnticlle, ¢ce qui a cu pour effet
d’augmenter radicalement le codt des pertes
suite aux accidents d’avion.

La complexité¢ croissante des  systemes
daviation a rendu plus complexe la tAche des
enguéteurs sur les accidents d’avion. II a fallu
mettre en ocuvre de nouvelles technologics afin
de déterminer les causes des sinistres et
développer de  nouvelles  techniques,  par
excmple pour I'évaluation des méchanismes
des blessures regues. Le facteur humain reste 1a
cause dc la grande majorité des accidents
d’avion ct la représentation fidéle des blcssures
accidentelles et des accidents mortels continue
a étre un défi pour les épidémiologues qui
tachent d'isoler les factcurs causatifs dcs
accidents ¢t des blessures, afin de rendre
possible la mise en oeuvre de mesurcs
correctives  ui réduiront le nombre, la

morbidité et la mortalité des accidents.

Le Panel AGARD de Médecine Aérospatiale,
son Administrateur et les Comités des Facteurs
Humains et de la Biodynamique du Panel ont
décidé que ce Symposium était le moyen le
plus efficace pour rassembler des informations
sur 1'approche adoptée par les membres de
'OTAN sur le probléme de I'investigation des
aspects médicaux des accidents d’avion. Ce
compte rendu représente

le produit final de tous ces efforts. I1 s’agit
d’un recueil de présentations qui décrivent les
techniques d’investigation qui ont fait leurs
preuves, qui analysent les données d’accident
fournies par des bases de données importantes,
qui énumérent les succés obtenus dans le
domaine de la prévention et qui proposent de
nouveaux domaines de recherche qui
permettront d'aborder les problémes qui restent
a résoudre.

Les communications couvrent
suivants:

les suvjets

- le facteur humain dans les accidents

- l'investigation des blessures regues par
les occupants (y compris la simulation)

- les installations d'essai de la réponse
dynamique

- les données d'accident sur les aéronefs
a voilure fixe et A voilure toumarte

- la désorientation spatiale

- la prévention des accidents et des
blessures

- les incendies suite av . accidents, la
toxicologic et la pathologie 1égale

- la prévention des erceurs de 1a part de
1"équipage

- les facteurs de risque pour 1'équipage
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TECHNICAL EVALUATION REPORT

LTC Deanis F. Shanghan
U.S. Army Aeromedical Research Laboratory
Fort Rucker, Alabama, USA

WG CDR David J. Anton
RAF Instuute of Aviation Medicine
Farnborough, Hants, UK

weger Green
Army Personnel Research Establishment
Farnborough, Hampshire, UK

A. Leger
Sextant Avionigue
St. Medard En lalles, France

i. INTRODUCTION

The Acrospace Medical Panel Symposium on "Aireraft Acci-
dents: Trends In Acrospace Medical Investigation Tech-
nues” was beld at the Altin Yunus Hotel, Cesme, Turkey,
frum April 27 to May 1, 1992, Authors from 11 NATO
countries an! | non-NATO country presented 58 papers.

Y. THEME

The thame of the symposium was recent trends in aerospace
medical investigation techniques in aircraft accident recon-
struction. Since the early commencement of aviation, acci-
dents have occurred for a variety of reasons in both fixed-
ang rotary-wing aircraft. Progress in technology has incre-
ased significantly the rehability of airframe, avionics and
propulsion systems. However, at the same time advanced
techniques in aviation and weapon systems have exacerbated
greatly the physiclogical and cognitive demands on aircrew.
The result is that aircraft accidents due to material causes
have diminished progressively while the percentage of hu-
man factor-caused accidents has not. The formal investi-
gation of an aircraft accident by engineering and human
factors specialists is essential not only to identify the cause,
but also to make recommendations to improve the man-
machine interface and reduce human error accidents.

2. PURPOSE AND SCOPE

The purpose of the sympaosium was to discuss recent trends
in human factors-refated accidents and current techniques
utilized to ehicidate accident and injury cause factors during
the investigation and reconstruction process.

The scope of the symposium was extremely broad. Par-
ticipants included operational experts, pilots, psychologists,
human factors specialists, fiight surgeons, air safety special-
ists, physiologists and engineers from a myriad of military
and civilian organizations in 12 countries. Topics included
techniques of human factors accident investigation, reviews
of accident cause factors, injury investigation techniques,
simulation techniques, human surrogate design, mathe-
matical modelling, spatial disorientation, forensic techniques
and accident prevention.

4. SYMPOSIUM PROGRAM

The symposium comprised 11 sessions each emphasizing dif-
ferent aspects of aircraft accident cause factors, investigation
and reconsteuction techniques, and methods of accident pre-

vention. The large number of sessions reflects the diversity
and complexity of the subject area and the high level of in-
terest in the symposium.

The first sessivn, "Investigation: Human Factors,” covered
methods in performing human facters investigations of air-
craft accidents.

The second session, "Investigation: Occupant Injury and
Simulation,” discussed occupant injury in crashes emphasiz-
ing mechanisms of injury and mcthods of simulating occu-
pant response to crash forces.

The third session, "Investigation: Test Devices for Dynamic
Response,” comprised a number of papers describing the use
of manikins for crash impact simulation and new efforts to
improve manikin biofidelity.

The fourth session, "Accident Data Analysis: Fixed-Wing
Accidents,” concentrated on human factor causes of fixed-
wing accidents in various NATO air forces.

The fifth session, "Accident Data Analysis: Spatial Disorien-
tation,” included papers that discussed spatial disoricntation
and illusions us an accident cause factor. Means of estab-
lishing spatial disorientation as a causative factor, as well as
means of preventing spatial disorientation also were dis-
cussed. Also presented was a paper on performance effects
of moderate levels of blood alcohol.

The sixth session, "Accident Data Analysis: Rotary-Wing
Accidents,” was focused on general aspects of the epidemi-
ulogy of helicopter crashes. Several papers were devoted to
ditching accidents while two others focused on cras’ worthi-
ness aspects of helicopter and life support equipment design.

The seventh session, "Rotary-Wing Injury and Accident Pre-
vention,” was largely a continuation of the previous session
concentrating on accident and injury prevention in rotary.
wing operations.

The cighth session, "Accident Pathology: Fire and Toxicol
ogy," discussed various aspects of fire safety, toxicology, and
the toxicoiogical investigation of alrcraft accidents.
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‘The ninth session, "Accident Pathology: Forensic Studies,”
contingied the theme of the previous session, but concen-
trited on gross and histologic postmortem findings in the in-
vestigation of aireraft accidents.

Fhe remh session, "Accident Prevention: Reducing Crew
Lrror,” covered a range of topics reiating to methods to pre-
vent human error aviation mishaps.

The final session, "Acvident Prevention: ‘Technical Solutions
and Risk Factors,” included & diversity of papers dealing
with known and postulated risk factors predisposing to hu-
man error and methods for detecting and limiting the dele-
terions effects of these factors.

5. TECHNICAL EVALUATION

The medical investigation of aircraft acridents is an enor-
mously complex task requiring the integration of expertise
from numerous related fieids including medicine, psych-
ology, engineering, and the basic sciences. For the purposes
of this symposium, presentations were divided into two ma-
jor arcas of concentration--human factors considerations in
accident causation and biodynamic and toxicological con-
siderations in injury causation. The human factors portion
of an aircraf* accident investigation attempts to establish the
chiin of events that led to the accident and the roles human
actions plaved in these events. The main emphasis being to
determine why the accident occurred and, more importantly,
what can be done to prevent similar accidents. Properly
conducted, such an investigation encompasses considerations
of direraft design; operational procedures; aircrew, ground
crew, and management training; and physioiogical and psy-
chological factors influencing personnel involved in the
chain of events leading to the accident,

The injury investigation portion of an accident investigation
attempts to establish the cause or mechanism of each injury
sustained by an occupant of the accident aircraft. A clear
understanding of jury mechanisms is required to devise
effective means of preventing or reducing injuries in future
crashes. The determination of injury mechanisms requires
a thorough reconstruction of the physical crash eveats in
order to determine the sequence, magnitude, direction, and
duration of crash forces. From this information, one can re-
construct the dynamic response of the aircraft, its compo-
nents, and its occupants during the crash and identify inju-
rious interactions betwzen the occupant and his s..rrounding
environment. Failure modes of structure including the air-
craft floor, seats, and restraint systems are identified and
correlated to injury. Finally, postcrash factors such as avail-
ability of escape paths and inhibition of escape by debris,
fire, toxic smoke, water, or other foctore are considered.

Session [

Scssion I of this meeting was Jominantly concerned with
descriptions of how different nations address the human
fuctors investigation of flying accidents and maintain records
of the investigations. The exception to this general theme
was the presentation by Cetinguc that described a study in
the Turkish Air Force in which pilots completzd two tests,
the "State Trait Persorality Inventory” and the "Zung De-
pression Scale,” in order to assess well-being, distress, anx-
iety, and depression. It was the contention of the author
that these factors combine to generate the genceral concept
of "morale” and he discovered, to his apparent surprise, that
a group of aver 300 pilots appeared to have better (in these
terms) morale than a control group of nonflying air force of-
ficers. The author suggests some reasons for this (selection

of individuals in the groups, professional pride, and some
psychoanalytic factors) but might also bave pointed oyt that
flying is the core occupation in an air force, with o}l nites
occupations supporting it, and this focus on the pilot as the
individual with a central role is likely 1o he reflected in his
job satisfaction,

The relationship between the morale of the pilet und safety
was uot explored by Cetingue, but the presentation by
Rameckers provided a conceptual framework for examining
such effects. Both Rameckers and Green, the symposium’s
lecturer, emphasized the extent to which investigations of
the human factor in accident investigation have moved from
addressing the events that occurred in the cockpit and the
associated behavioral characteristics of the crew members,
to a wider consideration of the human factors within the
management and organization of the total system within
which the pilots operated. The importance of this wider
approach is twofold. The first advantage is that the higher
within the hierarchy of a management system that a fault or
unsafe procedure can be identified, the more generality
rectification that fault will have. Second, the recogniticn
that management and organization decisions and practices
can affect safety means that attempts may be made to
monitor "system health" in order to act as early warning of
potential system failure. If the hypothesis is accepted that
a management shortcoming will result in an accident only
when combined--in an unlikely conjunction--with some error
made by the individual, then plugg.ag the hole at the man-
agement level is likely to make the systein generally more
error tolerant at the individual operator level.

Rameckers presently is trying to monitor the system health
or risk state of every squadron in the Royal Netherlands Air
Force. This should be regarded as a bold experiment that
is breaking new ground in the arex of human factors and
flight safety, and its results are awaited with great interest.

The remaining three papers addressed here took a more
<onventional approach to the problem area, but ail em-
bodied some interesting points. Pollack gave a description
of the aircraft accident investigation process in Sweden,
where the inclusion of human factors specialists in the acci-
dent board has become routine. She also emphasized the
importance of system factors in the accident process, but the
point she made, albeit incidentally, of perhaps greatest inter-
est voncerned the nature of the investigation board. In al-
most all countries, the military investigates its own accidents,
and the likelihood that system shortcomings will be identi-
fied with any boldness by an officer who depends on the
same system for his own career advancement must be re-
garded as distinctly low. In Sweden, however, the investi-
gation board is an independent suthority that covers all ma-
jor accidents and incidents in aviation, military as well as
civilian.

It seems clear that investigation by an independent authority
is a direction in which any desire or requirement for objec-
tivity compels, but whether the vested interests in the pre-
sent systems will permit this is extremely doubtful, Lack of
independence of investigatior: might reasonably be regarded
as one of those system or management factors that should
be regarded as a Dight safety hazard in itself.

The paper presented by David on Canadian Ferces aviation
highlighted, on a number of occasions, the need to sperd
money on tackling the human {actors problem in aviation at
n level commensyrate with its fmportance. However, per



liag more interesting in this paper was the use of termi-
nology such as “inattention,” “judgement,” "technigue,” and
“curelessness” that erop up in many taxonomies of accident
actiology, vut which beg definition.

A similar point could be made with regard to the paper by
Levy, in which he points out that the U.S. Air Force does
not use human factors specialists or psychologists in accident
houards, but has had a rather unhappy experience in at-
tempting to use flight surgeons as a substitute for them. He
went on to describe the record form used in keeping U.S.
Air Force life science accident daty, the system uséd to keep
the data, and the training course to which future investi-
gators are to be subjected in order to attempt to standerdize
their methods of categorization. He went on to suggest that
other nations sheuld participate in the scheme in order to
maximize the size of the database and establish as much
commonality as possible between nations.

There can be no doubt that these are worthwhile goals that
should be addressed. Other nations will doubtless wish,
however, that their accident investigation expericnce and
categorization techniques should be taken into account.
Also, it should be borne in mind that although detailed re-
cord keeping is surely important, it is not a substitute for
thought and insight in the initial investigation.

Overall, this session produced some thought provoking pre-
sentations, some interesting contrasts, and one or two good
ideas for new procedures in human factors and air safety for
the future.

Session 11

The papers in this session were devoted to the investigation
of occupant injury and to computer simulation of occupant
response to impact. Four papers dealt with some of the
findings from the investigation of the accident to the Boeing
737-400 that crashed on the M1 motorway at Kegworth in
the United Kingdomn in Janvary 1989. The remaining pa-
pers dealt with mathematical modeling of occupant response
to impact.

Carter's paper (number 10) presented findings that dealt
with the structures investigation of the Roeing 737-400 ac-
cident and, in particular, with the investigation of the fail-
ures of the seats and aircraft fioor and the overhead bins.
The work indicated that it was the failure of the floor that
precipitated the failure of the seats. The overhead bin fail-
ures were shown to be due to the failure of the attachment
of the diagor1l tie to the top surface of the bin followed by
sequential failure of the remainder of the attachments. The
loads on impact were estimated by the use of the hybrid
computer program KRASH, and this indicated that the im-
pact pulse was considerably outside the design limits of the
bins. This impuct pulse subsequently was used as the input
in studies on the occupant response to impact. The author
concluded, inter alia, that it was important to set realistic
crashworthiness standards that were applicable to all items
of cabin structure and not just seats in isolation.

Paper 11 (Haidar and Rock) dealt with the occupant simu-
lation of the response to impact using the computer pro-
gram MADYMO and input impact data derived from the
results of the KRASH modeling. The authors analyzed
occupant response and compared this with clinical injury
data. The authors also looked at the effect of adapting
different preimpact positions in the seat, They concluded
that a brace pusition with the head against the back of the

seat in front und with tise lower legs augied back hehind the
knees offered the best protection.

Paper 12 (Rowles, Wallace, and Anton) considered the
question of whether injury severity scoring (ISS) could pro-
vide additional useful information for crash investigato,s.
ISS data correlared well with structural damage to the air-
craft. Variations in the ISS were useful markers for other
injury mechanisms such as being struck by overhead items
or interactions with other passengers. The authors con-
cluded that both abbreviated injury scale (AIS) and 1SS cod-
ing are valuable techniques in analyzing passenger injury
data.

Paper 13 (Powles, Anton, and Wallace) dealt with anomalies
in patterns of femoral fracture in the Kegworth accident.
The conveational explanation for femoral fracture on -G,
impact is axial loading., Data from the Kegworth accident
indicated that femoral fractures occurred in the absence of
knee injury. There was a statistically significant association
between sitting in the center of a row and sustaining a
femoral fracture. The authors concluded femoral bending
rather than axial loading was the mechanism of fracture.
This appeared to be due to a complex interactior. between
the seat occupant and his seat.

Paper 14 (Nieboer and Wismans) dealt with the use of
computer simulation of impact. The paper concentrated on
the application of MADYMO in crash simulation research
and used as examples astronaut escape, a three dimensional
simulation of the Kegworth accident, and a simulation of a
16G dynamic seat test.

Paper 15 (Walker, Sturt and Boag-Izatt) described the use
of OASIS DYNA3D as a computer program for use simulat-
ing occupant response to impact. DYNA3D is a three-di-
mensional nonlinear finite element program. Particular ex-
amples were given showing the modeling of the Eurosid 1
dummy.

The session demonstrated the advances that have been
made in assessment techniques in the automotive industry,
in turn originally developed by the aircraft industry, and the
transfer that now is beginning to take place back to aviation,
The value of detailed, careful recording of injury data was
shown in the results from the Kegworth accident. The anal-
ysis of these data and subsequent reconstructions showed
that axial femoral loading may not be the mechanism of fe-
moral fracture in some impacts, The importance of using
injury scores in analyzing injury patterns within an accident
and also for generating statistical information on a series of
accidents was shown.

Computer programs for assessing the effects of impact ui.n
were discussed. These are powerful tools, but they are ex-
pensive to use and tend to require considerable engineering
judgement in their applications, Nonetheless, they are the
only means of analyzing complex or sequential impacts.

Session 11

Session 111 was devoted to presentations relating to the use
of human surrogates in testing dynamic response to impact
acceleration. Paper 16 (Frisch, Boulay, and Alem) de-
scribed the design and development of an improved Hybrid
IIT Anthropomorphic Test Device (ATD). After a descrip-
tion of the gencral uses of the Hybrid I, the authars dis-
cussed some of the deficlencies of the manikin including its
lack of spinal comprezsive response, the lack of spinal axiat



totation, and the inability to change the contour of the
spine. The authurs discussed the modifications that they
had developed which also included a modified pelvis that
gives more human-like space and weight characteristics a2nd
wlhich also heuses an on-board instrumentation system.

Paper 17 (Van Ingen-Dunn, Richards, and Kaleps) dealt
mitially with manikin development from the Grumman
Aldersen Research Dummy (GARD), originally developed
to pive staiic inertial loading in ejection seats, to the Ad-
vanced Dynamic Anthropomorphic Mannequin (ADAM).
The authors describe some of the limitations of ADAM:
the lack of adequate biofidelity in the neck and poor limb
sepment mass distribution characteristics. The develcpment
of & new convept neck was detailed and encouraging data
were presented on the performance of the new neck.

Examples also were given of work to improve limb seginent
inertial characteristics using composite materials and new
fakication techniques.

Paper 18 (Roberts) was concerned with the design and use
of automotive crash test dummies and a general overview of
the UJK Transport and Road Research Laboratory (TRRL).
The paper provided a gereral overview of some of the pro-
blems in design, development, and calibration. The effect
of impact vector un design was illustrated by reference to
the variations in construction of frontal and side impact
dummies. It was stated that TRRL preferred to use the
OGLE OPAT dunumy in preference to either the Hybrid 1f
or Hybrid 1l when testing restraint systems. It was claimed
that these latter dummies did not possess the right charac-
teristics for restraint system testing as they had been devel-
oped for the evaluation of unrestrained occupants and air
bags. The role of TRRL in the development of Earosid and
a mathematical representation of this in DYNA3D also was
discussed.

Paper 19 (Newmazn, Zellner, and Wiley) was concerned with
the development of a modified Hybrid III dummy to im-
prove its usefulness in motorcycle-to-car crash testing. The
modifications included a modified neck, to ensure the cor-
rect presentation of the helmeted head during the crash,
changes to the Jumbar spine to produce greater flexibility
and provide the correct sitting angle, an abdominal insert to
assess penetration depth and modified frangible lower legs
to give an appropriate kinematic response after leg fracture.
The details of the modifications were given together with
the data from cadaver validation tests.

Paper 20 (Glaister, Waugh, and Neil) dealt with the use of
a standard instrumented Hybrid HI in the assessment of the
occupant response to water impact in a free-fall lifeboat.

FPaper 21 (Weiss, Willems, Mugnier, and Pittmanet) de-
scribed the application of magnetohydrodynamic angular
motion sensors to a revised sensor package for measuring
head/neck dynamic response to impact. The analyses of the
tests showed that the new sensor and photogrammetry sys-
tem compared favorably with a 9-accelerometer array. The
study confirmed the new system as being simpler, more ac.
curate, and more portable than the one previously in use at
the U.S. Navy Biodynamics Laboratory.

Session HH showed the advances that have been made in im-
proving dummy biofidelity. Z- and Y-axis responses con-
tinue to be a problem and dummy designs and modifications

to imLprove responses in these ascs were demonstrated, It
is to be hoped that some of these modifications will bLe
developed, standardized, and marketed.

The different approaches to dummy development were in

evidence. The U.S. Air Force is the only organization .ising
ADAM, the cost of this dummy being a major inhibitor:
factor for other agencies. Other laboratorics appear to be
converging on variants of the Hybrid 11l This particular
ATD is available with extensive instrumentation and has
both regulatory and impact injury research applications. A
plea for greater communication between those engaged in
automotive and aviation impact research was entered.
Session T clearly demonstrated the commonality of the
disciplines involved and the advantages to be gained by
better communication. Whether the appropriate vehicle for
fostering this is AGARD, is for others to decide.

Session IV :

Six papers presented in Session IV were related to fixed-
wing accidents. They were divided into two homogeneous
groups, one cxclusively addressing F-16 accidents (papers 22
to 24), the other addressing in more general terms fixed-
wing accident data and causal factors in the Belgian, French,
and Hellenic Air Forces (papers 25, 26, and 28). In both
groups, only class A mishaps (loss of aircraft, life, or damage
excecding $1 million following the U.S. definition) or equi-
valent were considered.

Vanderbeek (paper 22) made an exhaustive review of U.S.
Air Force F-16 mishaps since 1984. Out of 120 mishaps, 65
were attributed to human error and resulted in 42 fatalities.
Starting with the classical categorization where loss of situa-
tional awareness and spatial disorientation represented the
causal factor in 28 cases, an expanded concept of mishaps
causality was proposed in an attempt to include operational
reality in the analysis. Six situational awareness subsets
were defined and, reanalyzing the 65 mishaps, he assigned
a “primary causal subset of degreded situation awareness” to
56 cases. This new classification was intended to demon-
strate the preeminent role played by tactical and perform-
ance awareness at the origin of the mishaps. In a second
section of the presentation, a program developed by the
Tactical Air Command to improve pilot attention and
awareness was discussed. This program, called the Aircrew
Attention and Awareness Management Program currently is
introduced at different levels of training for TAC pilats.

F-16 mishaps in the Royal Norwegiun Air Force were exam-
ined over a 10-year period starting in 1981 (paper 23). Dur-
ing this period, 12 aircraft were lost due to in-flight mishaps,
human factors were involved in 9 cases and among these, 6
fatalities occurred. The loss rate was 9.2 per 100,000 flight
hours by the end of 1991, which is slightly better than the
average of other European Air Forces using F-16. The
study addressed several questions such as the concerns of in-
vestigators regarding human factors, the methods they used,
what they reported, and what recommendations they made.
Regarding these two last items, the classical human factor
causes of accident were evoked with a particular emphasis
on lack of contination in flying, “get-it-done-itis® and
channelized attention. Recommendations bore essentially
on tactical awareness problems and some physiological con-
cerns,  Several points are of interest in improving investi-
gation of the human factor in accidents, These include
taking into account the flight safety potential of the mishaps,
correct reconstruction of the events, mechanisms of errors,
and snclopsychologiceal considerations.
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The Redpian Air Foree was the first in Eunrope to introduce
the F-16 into operational squadrons (paper 25). Since 1979,
the Belgians 7-1os have suffered high attrition rates. Their
certeat rate is 14 per 100,000 flight hours after being as high
25 20 from 1980 to 1983, Such high rates partly were due to
siechunical iaitures oceurring in the early years, but also due
to the drastic increase in maneuverability and performance
of the F-16 in comparison to the previcus generation
fighters used by Belgian pilots. Human iactors causes repre-
sented a large portion of the primary accident cause factors
ascribed to these accidents (current rate 9 per 100,000 Gight
lours). Four aircraft were lost in flight operations related
accidents, five in controlled flight into terrain and six in
midair collisions. Management problems in a particular
sguadron have resulted in an increasing trend in accident

. rates. After identification of this problem, which was not

obvious, and subsequent correction, the Belgian Air Force
mishap rate returned to a level comparable to other Eure-
pean nations using F-16s. This example clearly demon-
strates the value of a thorough human factors investigation
in the accident investigation process.

It should be noted that the three papers dealing with F-16
accidents, given by authors with a flight surgeon background,
mainly stress the role of tactical and performance awareness
problems (following the classification proposed by Vander-
beek). Interestingly, the recommendations of the inquiry
hoards resulted in corrective actions such as enfercement of
flight procedures and regulations and specific training to im-
prove situational awareness and management decisions.

This trend and the effectiveness of corrective actions was
confirmed by the review made in the Belgian Air Force over
a 2l-year period, reported by Biesemans (paper 26). The
authors addressed both combat and training aircraft mis-
haps. During the period, 114 aircraft and 62 pilots have
been lost by the Belgian Air Force in peacetime operations.
The overall rate of attrition was computed at 10.8 per
100,000 flight hours, with a rate of 14.3 for combat aircraft.
Globally, operational factors were involved in 71 percent of
the mishaps. Their analysis showed that the accident rate
increased to a rate of 16 over the past 12 years. This in-
crease coincided with a drastic reduction in pilots' annual
flight hours to a historical low of 120 hrs/year, the intro-
duction of the agile F-16, and a deficiency of experienced
pilots in the squadrons. The problems of decreasing flight
hours and pilot experience are compounded by cuts in mili-
tary budgets. This situation calls for increased awareness
and a more active role of management and flight safety per-
sonnel at all levels.

The survey made in France and reported by Ossard (paper
25) covered a 24-year period from 1977 to 1990. Some 210
mishaps were reported, leading to an overall rate of 3.7 per
100,000 hours. Most of these accidents were related to com-
bat aircraft (72 percent). Apparently, the introduction of
new generation aircraft, Mirages F1-CR and 2000, did not
affect this proportion although the specific rate related to
this category appears slightly higher than with other aircraft.
The human factor remains the predominunt causa! factor in
mishaps (63 percent), but paradoxically is less frequently in-
volved in combat aircraft than in training aircraft. Fatalities
occurred in 46 percent of the cases with a clear and regular
decreasing trend since 1987, Regarding the new generation
of fighter aircraft, a delay of 3 to 4 years before recording
the first accident after introduction in operations was ob-
served gencrally. Spatisl disorientation and loss of situation

awareness were mostly involved as the cause of the mishaps
No G-LOC mishaps were reported.

Human factors were presented as the dominant cause of ac-
cidents in the Hellenic Air Force with a particular emphasis
on pilot error (papers 27 and 28). The analytical study clas-
sified accidents into several groups including pilst related
factors and environmental stressor effects. Inadecuste flight
training was the most frequently invok=d cause and psycho-
logical factors also appeared to be a problem. Catego-
rization of pilot error fell into the classical categories usually
recognized. The trend in the Hellenic Air Force is toward
significant progress in flight safety issues, while some c¢on-
cerns are raised with the introduction of now generation uir-
craft.

The epidemiologic analysis of fixed-wing aircraft accidents
shows very clearly that combat aviation pays the heavier tri-
bute to operational readiness. Despite some concerns re-
garding the introduction of new generation aircraft with to-
tally new capabilities, it seems that there is little ground to
think that air operations will become increasingly dangerous,
at least during peace time. As a matter of fact, the decrease
in fatalities observed in the French, which could probably be
matched by identical observations in other NATQ air forces,
may definitely be related to technological improvement in
escape systems (ejection through canopy, 0/0 rocket pro-
pelled seats, and so on). It still remains that the category of
mishaps falling into the spatial disorientation problems, par-
ticularly type I disorientation (unrecognized), are unani-
mously demonstrated as generating a very high fatality rate.
This aspect was particularly developed in Session V.

Session V

This session dealt primarily with spatial disoricntation as an
accident cause factor. Paper 31 addressed epidemiologic as-
pects of disoricntation and accidents in fixed-wing aircraft,
while paper 32 dealt with disorientation problems in rotary-
wing aircraft.

Lyons (paper 31) reported that spatial Gisorientation con-
tinues to be a major contributing factor in 14 percent of ac-
cidents in fixed wing aircraft over a 2-year period. Nine of
the 13 accidents recorded were fatal.. A review of the acci-
dent database was made to investigate the wav spatial dis-
orientation factors were codified by investigators. Coding
generally was found to be quite inconsistent with some evi-
dent misclassification and sometimes revealed a lack of un-
derstanding of the spatial disorientation problem invulved
in the accident. Differences also were found with accidents
in the Navy, though some semantic variations could be in-
volved. Definitional problems may contribute to the ob-
served range in SD related accidents. The authors stressed
the fact that spatial disorientation very often is indicated
with cockpit attention contributing factors and that the dis-
tinction between loss of situational awareness and spatial
disorientation is not really clear. ‘Therefore, clarification of
definitional and semantic issues seems to constitute a pre-
rTquisite to a sclentific approach to the study of the pro-
blem,

Durnford (paper 32) presented the results of a questionnaire
survey intended to gather information on the genesis and se-
verity of disorientation episodes for pilots in the British
Army. Spatial disorientation historically has caused 15-20
percent of accidents recorded and some recent changes in
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procedures, equipment, and trainiog infeaduced a need for
a survey of current disorientation problems., A high re-
sponse rate (79 percent) was obtained 1o a qucstmunmw on
diserientation episodes.  Twenty-four percent of aircrew
reported at least one severe incident of disorientution during

their flying career and 6 percent had such a problem in the -

4-munth period preceding the survey. A review of different
{actors such as instrumem flying, weather, and night flying,
showed that this last condition contributed to an Increase in

severity and incidence of episodes. NVGs were involved in
44 percent of the cases where both crew had been dis-
ariented. Disorientation appears to be a major concern, re-
quiting improvement in equipment and of information dis-
played to the crew, and an increased awareness of problems
related to NVGs, FLIR, and human factors considerations
in flight safety.

In sharp contrast to the preceding papers, paper 34 dealt
essentially with cogm'twe factors involved in accidents.

‘Mainly based on the expertise of a cognitive psychology

team, the data presented claimed that 87 percent of human
factors mishaps over the past decade were of cognitive
origin. Medical causes accounted for 6.5 percent, while phy-
sinlogical prnblems were present in only 2.5 percent of the
cases. In an attempt to justify their findings, the authors re-
ferred mainly i0 a homemade and quite restrictive definition
of spatial disorientation and sensory illusions which, as a
matter of fact, is highly questionable. However the "in
depth” analysis of the events recorded during the accident
sequences lead to a very interesting, but theoretical descrip-
tion of human error mechanisms found as the cause of the
mishaps. A "cognitively oriented” database has been devel-
oped to help improve understanding of the role of cognitxve
factors in {light safety.

Interestingly enough the meta analysis based(m these differ-

ent papers, espedially on f'n(ed-\mng accidents; shows quite

clearly that the field of expertise of the authors is highly cor-

related with interpretations made on the causes of accidents. .
Flight surgeons found mainly tactical awareness problems,

physicians and managers stress the role of medical aspects
and hierarchy problems, while physiologists regret the lack
of understanding regardmg their discipline and psychologists
promote "all cognitive” issues. This demonstrates clearly
that investigations should be reviewed by a multidxsmplmary
team and that a multinational accident database should in-

clude a large detailed description of ohjective material in- .- {
- uniformly involve rapid inversion snd sinking of the heli-

stead of more or less biased interpretations of the facts.

Papers 33 and 57 addressed several cases where disorien-
tation problems were quite obvious and which were sub-
jected to detailed investigations. A typical také-off accident
involving a modern jet fighter is described in paper 33. The
analysis of the flight parameters shows a quasimechanical
relationship between otolithic inputs (calculated from Z-
and X-axis acceleration data) and stick inputs before the
pilot became severe!y dxsoriented and crashed on the run-
way. Visual cognitive information of attitude presented in
the HUD had apparenuv not been used, the pilot behaving
as if using a pure sensofimotor mode instead of a represent-
ational mode of spatial orientation. A correct understand-
ing of the interfacing processes between the different modal-
ities of spatial orientation then could constitute a key issue
for the development of visualization and other devices aim-
ing 10 alleviate dnsorienmion problems, espedally in helmat
mounted systems, - ‘ &

Instead of dealing with a speofic mishap, pager 57 Tepestiny
four cases of disoricntation problems which were oo
gated using the Pensacola Vestibutar Test Battery. 1tirce
of the aircrew were referred for severe in-flight diserici.
tation problems, the last being o survivor of 2 helicopie
crash, With one exception, all pilots were found cliniain
normal, but demonstrated on furthér testing, some percey

tual anomalies in attitude perception. Among several rec

ommendations, the author stressed the need for a thorough
screening of flight applicants, the use of specific spatis! ori

cntation testing, and building of a normative and patia.

logical response database. A predictive model . f perceptual
response 10 acceleration stimuli also would be helpfil for
elucidating mishap canses and for designing improved man-

machine interfaces to prevent spatial orientation” It s
interesting that both papers xplicitly support the view of «
dual aspect of spatial orientation, sensorimotor and re-
presentational /perceptual as being part of a common pro-
c2ss which cannot easily be disassociated and have to be
taken into account as a whole.

An experimental simulator study concerning the effects of
medium blood alcohol levels (up to 0.8 percent) on heli-
copter pilot performance was presented in paper 35. Pilots
were tested on a 2.5-hour simulated IFR flight with and
without alcoholic intoxication. Performance data recorded
during the flight were compared for the two conditions.
Major errors in radio communications, navigation, and heli-
copter control were recorded for intoxicated pilots, but
those with an extensive experience were less prone to such
errors than less experienced pilots. Nevertheless, the crews
never failed to correctly execute emergency procedures even
when under the influence of alcohol.

Session VI

Session VI was devoted to the epidemiology of rotary-wing
accidents. Four of the papers focused on ditchings. In re-
cent years, there has been an increased interest in NATO
services in helicopter ditchings. Efforts have been focused

 primarily on issues relating to prevention and escape from

a submerged aircraft. The first four papers (36,37,38, and
39) by Steele-Perkins, Brooks, Giry, and Barker presented
excellent summaries of the ditching experience in the Royal
Navy, the Canadian Forces, the French Navy, and the U.S.
Navy. - Their findings can be summarized as follows: (1)
over half of ditchings are due to mechanical failure; (2)
over three-quarters of ditchings are survivable; (3) ditchings

copter resulting in most deaths being attributed to drowning;
(4) escape and survival training, particularly using dynamic
training devices, vastly improves occupant survival; (5)

- underwater lighting systems and portable emergency breath-

ing devices improve survivability. Steele-Perkins also noted
that most deaths occurred in disorientation mishaps where
the water entry was uncontrolled. The Royal Navy is devel-
oping peripheral vision displays and height warning displays
to help prevent pilot disorientation ovér water. -

The papers by Shanalian (number 40) and MeEntire (num- -~

ber 42) discussed more general aspects of helicopter crash
sumvab:hty Shanghan reviewed the 12-year crash exper-
ience of the U.S. Army Black Hawk, the first helicopter de-

‘signed to modern crashworthiness standards. This heli-

copter. has consistently provided occupant protection in

~ crashes ‘with vertical velocities up to 60 ft/s. This per-

formance distincily proves the vatidity of the crashworthiness
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Kirkpatrich {paper 29) discussed the results of a study inves-
tigating task errors and associated problem areas causing
U.S. Army rotary-wing accidents oves the period 1984 to
1891, The most frequently identified task errors, encom-
passing over SO percent of errors, were improper decision,
improper attention and inadequate communication. The
most frequently identified problem areas were inadequate
crew coordination and improper scanning. The US. Army
Safery Center has initiated corrective measures intended to
reduce the occurrence of the identified errors.

Session VI

Session VII included three papers addressing different as-
pects of rotary-wing accident and injury prevention. Licina
{paper 43) presented a paper describing the U.S, Army Avi-
ation Life Support Equipment Retrieval Program. In this
program life support equipment is retrieved from crashes
and personal injury data are correlated with the item of
ALSE, the crash dynamics and documented aircraft struc-
tural dumage. These data are entered into a database that

is used to identify design deficiencies and to substantiate the-

need for system improvements. The program has had re-
markable success ip improving ALSE and in providing the
hasis for new design criteria over the two decades of its exis-
tence. Similar programs in other services would serve to
strengthen the database. :

Alem (paper 44) discussed the results of preliminary work
directed toward establishing the efficacy of the concept of
employing airbag restraint systems in attack helicopters to
prevent serious head and upper torso injuries due to striking
the gunsight, Using mockup front cockpits of the Apache
and Cobra helicopters mounted on a horizontal sled accel-
erator and a modified Hybrid IIT manikin, the researchers
noted markedly reduced indices of injury when standard
automotive airbag systems were mounted to ihe gunsights.
Rased on this preliminary work, more detailed design con-
cepts are being explored with the goal of using a 3-bag air-
bag system in the new Comanche helicopter.

In the final paper of the session, Shively (number 45) dis-
cussed efforts at NASA-Ames Research Center to develop
a preflight risk assessment system (SAFE) for use by oper-
ators of emergency medical service helicopters.: Initial tests
have shown poor correlation of SAFE to pilot perceived risk
and workload, but the authors are optimistic that efforts to
refine the system will improve its validity. They maintain
that by incorporating more data sources and with the pro-
liferation of personal computers that this or similar systems
will hecome an important aid to aviation safety. -
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Winterfeld (paper 44 proscined o wynopsis of the iy
AGARD Propulsion and Finergetion Panel symposinn os
airciaft fire safety in grder o simulale exenange betwovn
the PEP and the AMP. He suggested that fire hardening o
aireraft had increased considerably survival times, bt 1
the prospects for edditional immprovement in this ares wors
not encouraging. He expects that future progress will be
achieved through systemx designed to protect occupanis
from the consequences of fire, namely heat and toxic furnes.
Development of these sysicms will require the participation
of medical and other human factors experts as well as enp:-
neers. Therefore, he stressed the need for additional co-
operative research and development.
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Kerguelen presented a paper (number 47) addressing tuxic
fumes released during cabin fires and the effects a decrease
in atmospheric pressure may have on the toxicity of the
fuines. Realistic fire conditions were duplicated in the labo-
atory and thermolysis products of six materials commoniy
ssed in cabins were analyzed. To evaluate the toxicity of
the released fumes, the mouse was used as the animal mo-
del. The study showed that lowering atmospheric pressure
to 700 from 1000 hPa slightly altered the chemistry of the
thermolysis, but significantly increased the toxicity of the
generated gas mixture in which carbon monoxide and hydro-
gen cyanide were predominant. The authors offered con-
vincing explanation, supported by the literature, which refate
the blood concentration of toxins 1o partial pressure of the
oxygen in the inhaled air. The study demonstrated the rzed
to account for pressure in evaluating toxic gases released
during thermolysis. However, the produced data have nm

_been used to establish or recommend new standards for fire
" testing of materials used in aircraft cubins.

Powitz (paper 48) discussed techniques employed by the
Aviation Pathology Group at the GAF Institute of Aviation
Medicine for performing toxicological analyses of patho-
logical specimens recovered from aircraft accidents. He
stresses using caution in making a determination of "smoke
in the cockpit” based on detecting pyrolysis products by gas
chromatography. Inhalation of kerosene and fasting blood

~ produce similar patterns. Likewise, he notes that tissue im-

mersed in sea water can absorb bromine and this process
must be distinguished from premortem use of bromine con-
taining drugs. He also provided evidence that current gas
chromatographic methods of detecting alcohol in biological
specimens may produce falsely elevated values due to bacte-
rial putrefaction occurring during the analytical process.

The final paper of the session, presented by Mayr (number
49), reviewed the 27-year history of the Aerospace Pathol-
ogy and Toxicology Department of the GAF Institute of
Aviation Medicine. He also detailed the current organi-
zation of the department and described its methods and
duties.

Session IX

Session IX focused on the role of pathological and histe-
logical examinations in aircraft accident investigation. In
the first paper (number 50), Kramer stressed the importance
of histological examination in the determination of accident
causation.. He notes that macroscopic postmortem finding
are relevant to determining injury cause factors, but they are



ispficent for Jetevmining accident cause factors. Hinte
lagical exantnationg frequently are able te determine patho-
logical changes related 0 preesisting medicad corditions that
ey huse heen tnvolved in the cause of the accident, 1n his
esperence, approximately 10 percent of cases have manifest
histopatkological changes. How many of these were deter-
mined o be reluted to accident causation was not stated.
o wipport his thesis, he presznted several illostrative case
fi";?i'ﬁf!‘\i

The fust two papers of the session discussed patterns of in-

wirv found i aircraft accidents.  Paxinos (paper 52) re-
virwed injuries sustained in crashes in the Hellenic Air
Feree during the vears 1974-1990. Garcia Alcon (paper 53)
prosented an epidemiotogics] stuidy of ejections in the Span.
ish Air Force aver a S-year period. During the study period,
thore were 20 ejections with three fatalities. From an analy-
sis of these ejections he reemphasized the importance of
curredt sitting posture and initiation within the prescribed
sufe ejection cnvelope, To Improve both factors, he stressed
the importance of training in ecjection simulators and in
pasachute landings. He also noted the importance from a
psychological standpoint of returning pilots to duty as
rapidly as possible after an ejection~ .

Session X

This session comptised only four papers, and three of these,
presented by Rejman and Symonds, emanated from the Hu-
man Factors Unit of the UK's Army Air Corps. In the first
praper, Rejman (number 54) pursued the thesis that most ac-
cident research is "reactive” in looking back at the events of
an accident, but that flight safety research should be much
maore “proactive” if it is to have any effect on accident pre-
vention. Thus he has tried to identify those sources of data
existing within his own organization that may act as indi-
cators of risk and thus enable "prouctive intervention.”

Although the basic idea here is similar to that put forward
by Rameckers in the opening session (paper 5), the ap-
proach was rather different. In the Rejman paper, organi-
zational aspects of safety are addressed, and an attempt
made to define, if not quantify, the "organizational ethos,”
but most of the study concentrates on generating a coherent
database of selection, training, and operational assessment
data. It already has been possible to identify critical types
of training assessment pattern that may be useful.

The paper presented by Symonds (number 56) on prediction
of success from training data appeared to pursue the some
approach to the analysis of training data as that referred to
above, but used the data in order to attempt to predict over-
all success in flying training. Although the techniques de-
scribed probably represent some advance in the way in
which training data can be analyzed, and the "error rating
profiles” that are produced by the analysis may be used in
screening for petential safety risks, the main thrust of this
paper was in the direction of predicting flying training suc-
cess rather than future hozard-though these factors may
well be related.

‘I'he second paper presented by Rejman (paper 55) took a
traditional human factors approach to & review of recent
British Army Air Corps accidents, but was interesting in at-
tempting to categorize the same set of accidents in terms of
three different categorization systems or taxonomies. The
comments in the Rejman paper on the relative utilities of
the systems he used, and the difficulties that he encountered

I aidgining seoudeni 1 ciunsl Calegunigs, ate wort nting
for others who suay be in the process of generating vwr using
such databases. His work was timiited, princpally, by the
relatively small size of the acadent sample that was avail-
able to him, and a replicatinon of this wark using a Lesper
sample of accidents and & wider variety of categorization
systems could well be useful

The final paper in this session was presented by Myhre of
Norway (number 58} and suddressed the issue of wheiher fe-
males on modern flight decks were d'fferent from male crew
members in ways that required addressing in flight deck or
cockpit resource management programs.  Althuugh this
paper had nothing to do with accident investigation, it made
some points that were related to safety. Perhaps the main
one was that the paper highlighted studies that indicate that
men and women communicate in rather different ways, with
women tending to send rather less "direct messages than the
men, who are more "matter of fact” in their interactions.
The impact of this and other sex differences are discussed
in this most speculative paper, but because of this specu-
lative approach, little by way of firm conclusivn was
reached.

Session XL :
Tarriere (paper 59) investigated individual stress susceplis.
bility in regard to accident avoiding behavior in cars One
hundred subjects were tested at a car track test facility after
being screened for stress reactivity. Physiological data were
recorded during the tests.which consisted of a collision
avoidance task using staridard and ABS brakes. Physio-
logical and psychological tests were found to be correlated
with success in performing the manoeuver, though some
concerns were raised in the audience shout the effect of an
‘unbalanced experimental design, especially in regard of ABS
efficacy. The reliability of the physiological measurements
also was questioned.

Of more interest, paper 62 dealt with a system using physio-
logical indexes to detect vigilance impairment in automotive
drivers based on real time analysis of steering wheel move-
ments. During the design and proof of concept phase, the
level of vigilance was evaluated using EEG and EOG assoc-

_ iated with a video analysis of driver behavior. Some prelim-

inary results showed that early detection of hypovigilance
episodes {s improved significantly through the analysis of
EOQG recordings. Such a physiological reference should be
helpful in evaluating the results from the steering wheel
movements analysis.

Paper 61 also addressed the interest of some physiological
measures in regard to safety probleins during vehicle pilot-
ing tasks. The power spectrum of heart rate showed a sensi-
tivity to mental effort, particularly in the frequency range
0.02 to 005 Hz. This effect was demonstrated during
speech recognition tests at rest versus real situstions in train
engineers and pilots, though nat systematicaliy present dur-
ing tasks requiring increased attention. There was no cor-
relation with task difficulty or operator performance, but
some with the mental effort reatized by the subject. This
method should be useful to evaluate the activation of the
adrenergic system and subject involverment i the task.

‘The paper by Heron (number 6(!) did not describe any com-
pleted work, but described huw a Canadian group is hoping
to use a basic aircraft simulator to train pilots in haodling
emergencies. During the training, they will he monitared in
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the basis of a successful accident
medical portion of the investigation an integrated
approach using a multidisciplinary team of human factors,
engineering, and medical experts.
62 With the of aircraft systems,
weather forecasting and avoidance and navigation

6.3 To effect a reduction in buman ervor accidents, more
emphasis needs 10 be placed on the buman factors portion
of sircraft accident investigations. This emphasis must be
supported by cooperative buman factors research.

64 Accident investigation tesas should include human
factors experts.

6.5 Given that accidents will continue 0 occur in spite of
all efforts to the contrary, all siveraft should be made more
crash survivable. The major efforts shiould be placed on fire
provention and control, stractursl insegrity, and occupant re-
sraiot. In saller sircraft, ensrgy sitcnnaticn systems alvo
usast be comsidered.
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The last paper (number 64) consisted of another look at the
biorbythm myth, It is difficult to avoid the notion that the
only surprising thing about "biorhythm" theory is that any-
body should ever have found it remotely plausible. Never-
thieless, a mumber of researchers have examined large num-

: ha:cheddemx,mdrdmddmemmmofwthof

the pilots involved to see whether there was any correlation
mmwmm ‘This paper, like the
others, found no such ¥ this presentation teils
us anything, it is surely that there is no magical solution to
the problem of explaining human error. Errors made by
systems 88 complex and changeable as human beings will re-
quire models that are just as complex. Simple solutions
simaply are not available.

6.6 Direction for improvements in aircraft crash surviv-
ability mmust be based on priorities established through
thorough injury investigations. These efforts must be sup-
ported by coordinated scientific research programs.

6.7 Asinthei of buman error causes, too little
emphasis has traditionally been placed on injury investi-

68 Tobenemnrepm&mnalandunbusedmdgemu,
accident investigation teams should be comprised of pro-

mmﬁammmwmphmymmmof

ﬁemnﬁonmwhiehthemdemdmﬁbebng;.

7. RECOMMENDATIONS

7.1 mmmbymmmemm-
mens of this mdiuwthemwmeh\meuoﬂhe

72 Aircraft accident investigation boards should routinely
include buman factors expertise.

7.3 Agencies responsible for convening an aircraft accident
boand should guarantee the independence of that board to
the extest possible.




Human Factors in Aircraft Accident Investigation

Roger Green
Assistant Director (Operator Performance)
Army Personnel Research Establishment
Farnborough

1 am delighted to deliver the opening lecture to this
meeting and I recognize what a privilege it is to do so.
This is especially true given the level of expertise and
experience that is so obvious in both the audience and
speakers. | also feel extremely pleased that although
this meeting is about trends in aerospace medical
investigation techniques, it is a psychologist and not a
doctor delivering this opening lecture.

I might just observe here that | feel that it is absolutely
right that the disciplines concerned with the human
factor in aviation should come together at meetings
such as this. The only difficulty that I see is what to
call the aggregation of physiologists, physicians,
psychologists, ergonomists, anthropometrists, and even
sociologists who may have a contribution to make. I
think that since all of these disciplines are concerned
with the 'human factor' in aviation, it makes sense to
call all of them 'human factor' pursuits of one sort or
another, and not to reserve this term for applied
psychology or ergonomics as sometimes happens.

I am pot suggesting that the practitioners in these
disciplines should lose their individual skills or group
identities, and I certainly would not wish to suggest
that they can do each other's jobs, but I do hope that
they will all realize the part they have to play,
interacting with one another, in the overall human
factors picture. [ think that [ am probably pushing at an
open door in canvassing such views at this conference.
The ICAO and ECAC syllabuses in human factors for
pilots already take this integrated, multi-disciplinary
view of the subject area of 'human factors', and I am
sure that this integration of approach will become
increasingly prevalent in future.

Because 1 am a psychologist and not a doctor,
however, 1 will not attempt to review the role of the
physician in accident investigation, but I will try to
identify some problem areas that I see for
psychologists, in the hope that some, perhaps all, of
the factors I address will have a broader significance in
the human factors community.

I would like to begin by discussing briefly two very
basic psychological effects that can cause both pilots
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and accident investigators to err. The first is one of the
most important psychological causes of human error
accidents, and is the family of effects sometimes
referred to as ‘hypothesis locking’ or ‘confirmation
bias’. For the non-psychologist, I should briefly
explain that these effects concern the tendency that
people have to be reluctant to change their mind - even
when they really should - and I would like to give a
couple of examples.

The first occurred to a British Airways 747 in the early
1970s. The aircraft was approaching Nairobi and had
been given an intermediate descent clearance in which
the controller told the aircraft that it had been cleared
down to 'seven - five - zero - zero'. The 'seven’' was
not heard by the crew, and the stimulus detected by
them must, therefore, have been 'five - zero - zero'.
The first officer read back the clearance as 'Cleared to
five thousand', but the air traffic controller failed to
notice the error. Both the first officer and the captain
had taken the incomplete information that they had
received and massaged it a little, quite unconsciously,
in order to convert the stimulus into a plausible, albeit
inaccurate, percept.

More interesting was what happened next, however.
The glide slope pointer disappeared off the top of the
attitude indicator, a glide slope warning flag appeared,
and the aircraft broke cloud at an extremely low
altitude. Despite all of these cues the captain continued
to descend, having dismissed the information that did
not fit his mental model as either instrument failure or
visual illusion. It appears that once this captain had
generated a mental model with which he was happy, he
was not to be shifted from it.

The second example of ‘hypothesis locking' that 1
would like you to consider occurred on board the
British Midland 737 that crashed at Kegworth, in the
UK, just over three years ago. The left engine of this
aircraft began to fail as it reached about 30,000ft,
producing a smell of burning and a shuddering on the
flight deck. The first officer suggested that there was a
fire, and the captain said 'Which one [engine] is it
though?’. The first officer gave his attention to the
engine instruments and said 'It's the le . . - It's the
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right one.' An inaccurate mental model had been
generated, and was confirmed for the crew when, on
throttling back the right engine, the shuddering
coincidentally stopped. There was evidence available to
this crew from the engine instruments, especially the
engine vibration gauges, that the left engine was
continuing to be faulty. They could also have asked the
cabin crew whether they had seen anything. Had they
done so, they would have learmed that flashes of
glowing debris had been seen leaving the left engine.
The crew, however, did not check their situational
model by seeking to disprove it (it could be argued that
they had never been trained to do so), and the aircraft
was finally lost when, on final approach, the captain
demanded power from the failing left engine, only for
it to die completely.

The second effect, or set of effects, that I would like to
mention concerns the social factors that influence crew
behaviour on flight decks, and the example that I
would like to use comes from the database of the UK
Confidential Human Factors Incident Reporting
Programme (CHIRP). In this incident, a commercial jet
containing a three man crew had already been forced to
overshoot its destination runway twice because of bad
weather. The crew took the aircraft into a hold in order
to plan their diversion when they heard that another
aircraft had just landed at their desired destination.
Their company rules were clear - they must divert - but
the suggestion was made by one crew member that they
should have another attempt at landing, but this time
reducing their decision height (illegally) by S0ft. This
was rejected by the other crew members, but they
managed to agree to another suggestion that the aircraft
should be flown down to its decision height, flown
level at this height until runway lights were seen, then
the approach resumed.

Those familiar with flying will identify a disaster
waiting to happen here. and those familiar with a little
social psychology will see the effects of both 'risky
shift’ (groups tend to make more polarized decisions
than individuals), and ‘compliance’ (people will
generally be more likely to agree to an unreasonable
suggestion if it bas been preceded by an even more
unreasonable one) at work. To complete the narration
of the incident I should mention that the crew members
carried out their plan but, not having seen the runway
threshold lights, landed an unknown distance down ti.2
runway and carried out 2 maximum performance stop.
The pilot filing the report commented that after
stopping, silence filled the cockpit as the crew
members realized that they had all been party to an act
of 'supreme folly'.

My reason for beginning with these examples of a pair
of well known psychological effects is not to attempt to
inform the reader about them - though the participants
in this conference come from s sufficiently wide set of
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backgrounds that I do appreciate that not all will be, or
will wish to be, familiar with any social psychology -
but to suggest that accident investigators as groups or
individuals may fall into the same traps.

Accidents generally present the investigator with a
number of cues or information points that represent
only a subset of the total required completely to define
the events of the incident. Sometimes this may be a
fairly informative subset, if, for example, there is a
surviving crew, cockpit voice recording, flight data
recording, and good witnesses, but sometimes the
available information can be very thin indeed. In any
event, the investigator's job is to sift the data, to make
patterns from it, and to generate a coherent model that
pulls together as much of the data together as possible -
if not all of it. We should beware of 'confirmation
bias', however. It can be awkward when a piece of
information comes along, after we have generated our
accident model (or made up our minds), that does not
fit, so it is very tempting to dismiss the new evidence
as in some way unreliable or flawed.

Worse, we may have generated an accident model with
which we are content, but which is not supported by
enough evidence. At this point, of course, more
evidence must be sought to support the model, but it is
equally important, though more rarely done, to seek
out any evidence that might undermine the model.
Paradoxically, it is only by seeking assiduously to
disprove our ideas and by failing to do so that we can
ever have any real confidence in them. Many of those
involved in accident investigation will be familiar with
the truth of this notion, but may find it much more
difficult to put the principle into practice.

It seems to me that there may also be a danger of
‘confirmation bias" and the social effects outlined
above influencing conferences such as this. The
temptation at a meeting is to reinforce one another’s
common beliefs. This is particularly obvious at
political party conferences. Nobody attends one of
these in order to learn anything or to have his views or
practices subjected to critical question. They are
meetings of the faithful, held only in order to
reinforce, by the laws of social mass action, the
strength of belief of the individual participants. But
this should be no way for a scientific meeting. |
suggest that the atmosphere should be questioning, and
the questions should be about whether there are ways
of progressing in accident investigation that have not
been properly considered, whether there are ways of
flying being introduced that have changed the types of
errors that people make, and whether there are
altemative ways of considering the nature of human
error that might lead to different insights into the
problem and its solutions.




None of this is to suggest that we have been wrong in
the ways that human error has been tackled in the past,
but flying is changing, most notably in terms of the
way the flight deck has become automated. It is
important for the accident investigator to be familiar
with the ways in which the relationship between the
pilot and his aircraft may be influenced by this
technological change.

Some of the changes wrought by automation in the
cockpit (and the errors that accompany these changes)
may be trivial, and identical to the changes and errors
occurring in other situations. When I first used a word
processor, 1 saved a file by the name of an already
existent file and, to my real annoyance, lost it
completely. When I was recently in North America
there was an item on the news that a ’'flunkey’
(computer operator) in a leading stockbrokers tried to
sell $11,000,000 of shares for a client but keyed the
wrong instruction and instead sold 11,000,000 shares
worth about $500,000,000. This was sufficient to
trigger the automated share dealing facilities of other
stockbrokers, and for the Dow Jones Index to drop
notably before the error had been discovered - but
nobody was hurt. In the recent A320 Strasbourg
accident, however, a pilot intended to enter a demand
for a 3.7 degree glide slope into the aircraft's flight
management system, but instead entered a demand for a
3,700 feet per minute rate of descent. The aircraft
crashed with considerable loss of life.

All of these errors are the same, of course, only the
consequences differed, and it might be argued that they
could have happened just as easily on non-automated
equipment. It may be, though, that the automated flight
deck does change the nature of the pilot's relationship
with his machine in special ways. Putting a computer
between the pilot's instruments and the environment
has distanced the pilot from the real world, so that the
cockpit displays, instead of being useful hints and tips
that enable the pilot to create a mental model of reality,
have now become that reality. The pilot no longer has
to work at generating a world model containing real
poor weather and real mountains, he simply has to
follow the magenta line: the display has become his
world. The system may have become so complex that
the pilot cannot hope to understand how it works in the
same way that he could understand how an old
fashioned altimeter works, and so has no alternative
but to believe what the screen says.

If this is true it will be impossible for the pilot to
question his model of the real world since he no longer
has one. It could be argued that this effect underlies
many of the accidents that have already happened in
automated aircraft: crews believed that their situations
were safe because they trusted - perhaps overtrusted -
the aircraft, the displays seemed normal, and they did

not have a clear idea of what constituted external
reality.

Clearly, it is up to accident investigators not just to
comment on or to explain the circumstances of
individual accidents, but to put together information
from as many accidents and incidents as possible in
order to extract general principles, and nowhere is this
called for more at the moment than in the area of
automation.

1 must mention one other problem area, however, and
that concerns how deeply to probe and where to stop
investigating. If a display appears poorly designed, the
investigator will obviously comment on it. Is it,
however, the investigator's job to discover why the
person who did the test flying on the aircraft felt that
the display was acceptable? Should he discover what
evaluation the manufacturer carried out on the display?
Is it the concern of the investigator to analyze and to
evaluate the safety ’'culture' that exists in the
organization that permitted the display to become
operational? In the A320 involved in the accident
described above, there was no GPWS (ground
proximity warning system) fitted to the aircraft. Is it
the task of the investigator simply to observe this, or is
it his job to identify why the company and regulatory
authority came to permit the absence of a device that
many would regard as an indispensable item of aircraft
safety equipment?

Issues such as these are increasingly becoming of
concern to accident investigators as the focus for
investigations spreads from the individual in the
cockpit to the entire system that results in a given pilot
flying a given aircraft on a given day.

There are, however, real problems with this extension
of the investigation, and I would like to highlight three
of them here. The first is that the organization which
accepts philosophically that one of its individual pilots
has made an explainable error may be less sanguine
about accepting that its own management, structure,
and attitudes are partly responsible for the accident.
Furthermore, the power of organizations is such that it
may require a much more determined and resolute
investigator to be as bold about identifying faults and
shortcomings in an organization (especially if it is the
organization that employs him) as he may be about
identifying the errors of the individual.

The second problem is related to the issue of 'blame’.
There has always been a conflict between the
requirements of the accident investigator and those of
the disciplinary authority. For example, it is desirable
for the investigator to obtain a statement from, say, the
pilot involved in an accident as quickly as possible in
order to obtain the best available raw recollections,
minimally tainted by the inevitable post accident
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rationalization. No lawyer, however, would permit a
client to give evidence that may be held against him
without the deepest possible consideration. Normally
the investigator has claimed to be concerned only to
analyze the facts and to come up with as objective a
conclusion as possible, and to be unhappy to become
embroiled in issues of negligence, culpability, or
distribution of blame. If the organization is to be
investigated, however, the question of the allocation of
responsibility may well be more difficult to avoid,
especially since the legal and financial sequelae of
being identified as falling short of ideal performance
may be very considerable for an organization and its
management.

The third problem concerns the skills and training of
accident investigators. The importance of physiological
factors in aircraft accident causation and analysis has
long been recognized by the occasional use of medical
officers on accident boards. This has given way to a
more formal involvement of such doctors, with the
disciplines of investigatory medicine and pathology in
aviation becoming increasingly specialized. The
importance of behavioural factors in accidents has been
recognized increasingly during at least the last twenty
years by the inclusion of psychologists on accident
boards, and it is notable that the Australian Bureau of
Air Safety is now headed by a psychologist.

Who, though, is to investigate the organization, and
should this be regarded as a human factors issue? The
psychologists  presently involved in  accident
investigation are drawa from a dominantly
experimental or cognitive background and may well
not possess the knowledge of management psychology
needed to make an informed analysis of the factors
within the organization that may have set the scene for
the accident. Perhaps those presently involved in the
psychological and medical investigation should be in
the vanguard of those recognizing that new skills may
be required and they should, perhaps, set about
acquiring them. It may seem strange to many that an

aircraft accident investigator may require a degree in
business administration, but this may be what is called
for.

Thus whereas our expertise in the invcstigation of
mechanical, medical, and psychological aspects of
accidents has reached a degree of maturity, the same
cannot be claimed for organizational aspects. Indeed
we know rather little of the influence of organizational
factors on system failure and, given the sensitivity of
organizations to self evaluation, this is possibly the
most challenging field for the future.

To sum up, I have argued that although there is a
natural tendency for people to cling to what they
understand and to seek reassurance from the world that
their established ways are right, accident investigators
of all people must recognize the importance and
necessity of change and of questioning conventional
wisdoms. This applies not only to the way in which
they might address the investigation of an individual
accident, but to the ways in which they view the whole
topic area. They must be ready to understand the
changing nature of the pilot's task, and ready to change
their own methods and ideas in order to keep pace.

I have resisted, so far at least, any use of statistics to
emphasise the importance of the human factor in
aircraft accidents. I would like to close, however, by
observing that although medicine and psychology have
been associated with accident investigation for a
considerable period, and although many important,
though arguably small, changes have taken place in
training, euipment, and procedures as a result of this
involvement, we have still not made the major impact
required to reduce dramatically the accident rate
attributable to the human factor. This must be the goal,
and we should not shrink from taking the bold
initiatives, both in terms of our own thinking and in
terms of pressing for adequate staff and resources, that
will be required to achieve it.
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HOW DO WE INVESTIGATE THE HUMAN
FACTOR IN ATRCRAFT ACCIDENTS?

by

Kristina Pollack
Flight Safety Inspectorate
Air Force Stafi
107 84 Stockholm

Sweden

SUMMARY

distorically, flight safety began as a
technical consideration. Once the air-
craft was ready to be used as a tool, the
flight safety work expanded to become an
operational issue.

Today, the reality is that two-thirds of
accidents and incidents are related to
Human Factors. The concept of Human Fac-
tors is hard to define, identify or
verify and the definitions of the concept
are as many as its advocates.

The Human Factor investigator belongs as
naturally to the Investigation Board as
does the technical investigator. In the
past, all findings not attributable to
causes in accidents were called pilot
error. This may be true if you only look
at the situational causes, but the
responsibility for the underlying causes
may lie elsewhere. The question of Human
Factor concerns not only the pilot him-~
self; he must be seen in the context of

a human being and not only as an operator
in the cockpit. The environmental factors
are no longer a question of the rela-
tionship between man and machine. Today
the influence of the company/organisation
is a part of the concept of the Human
Factor. The company hac« to give the pilot
the best conditions in which to succeed
in his mission - then the pilot assumes
the responsibility.

In order to be aware of the complexity
of the Human Factor in defining the root
cause of an accident, to sub-categorise
the concept, to be able to analyse and
to see the trends over a period of time,
trained experts are required.

In a small team like an Accident Investi-
gation Board, it is necessary to learn

how to communicate and very soon it can

be seen what strength is gained from the
different ways of approaching problems,
due to the differences in the experts'
professional backgrounds. Flight safety
work should reflect this way of working.
We all need each other's competence on

the Accident Investigation Board. Our
total findings, including the Human Factor
findings, must influence the total report,
which will form the basis of future flight
safety work.

INTRODUCTION

Over the years, man has appeared more and
more to be a limiting factor in flight
operations.

The concept of flight safety was actually
created at the same moment as the idea of
flying was conceived It was basically a
survival concept, which in a historical
perspective was originally a technical
question. Over the years, the concept of
flight safety took on an operational
dimension.

Achieving tactical solutions with as little
inherent risk as possible, but without
reducing effectivity, became the decisive
factors in flight safety work.

Through experience, mistakes made in the
air, incidents and accidents, rules and
regulations for their prevention were and
are established. Operational flight safety
measures were taken.

Accidents arl incidents have decreased
drastically. It is mainly the technically
related accidents which have been overcome.
In order to go further in flight safety
work there is a pronounced awareness of
the necessity of focusing on man in the
flight system. Two-thirds of accidents

and incidents are directly related to

the Human Factor.

THE CONCEPT OF THE HUMAN FACTOR

The concept of the Human Factor has as
many definitions as it does advocates.

Oricinating from a world of scientific
notes, research into the integration of
man and machine (ergonomics) was initially
synonymous with the concept of the Human
Factor. In the USA this definition is that
which is still most widespread.

Over the years, the concept of the Human
Factor has, however, achieved a broader
scope. The human in this respect is not
synonymous with the individual pilot, but
also includes the conditions he has been
provided with in order to succeed in his
task seen from the outside - from the
design of the aircraft he is to operate in,
to central management's responsibility for
having chosen that particular person to




snlve this task (selection), and the way
in which he is trained for this purpose

(training) to whether the staff who are

in charge of operations are competent to
do their job (management).

Apart from central management, the local
management also has responsibility
(leadership) for operations being run
under the optimum flight safety condi-
tions, just as the individual, the pilot,
the engineer, etr. Dears his responsibi-
lity to achieve the requirements and
standards expected of him (individual
responsibility).

It appears that the concept of the Human
Factor is a broad and less easily
measured concept which faces certain
difficulties in finding acceptance in an
operation harbouring a scientific idea

of the world. This can be described as
collision between two world concepts. The
fart is that we need both of them. The
accident and incident statistics as much
as anything else exrress clearly the need
for a systematic and structural approach
to getting at the underlying causes hid-
den in the Human Factor concept.

NVESTIGATION HISTORY

The first systematic accident investiga-
tion carried out took place as early as
1909. It was the then sensational accident
as a result of Orville Wright's attempts
to demonstrate the performance of his
aircraft. The aeroplane crashed and the
passenger Tom Selfridge was fatally in-
jured (Jensen, 1989).

Accident investigations have, and have
had over the years, a technical profile
on the analogy of the developments within
aviation. The accident investigator was
drawn by traditicon from the operational
and technical ranks. Accident causes which
could not be attributed to technical
reasons were usually labelled pilot error.
A description of what had happened was
given, but seldom a description of why it
happened.

At the twentieth IATA (International Air
Transportation Association) conference in
1975, the view was expressed that "there
is an urgent need for the inclusion of
Human Factor experts in all acciden: inves-
tigation teams" (Hawkins, 1987). IFALPA
(International Federation of Airline
Pilots Association) considered in 1977
"that Human Factor aspects of accident/
incident investigation should be more
deeply pursued" (Hawkins, 1987).

The shortage of Human Factor experts has
shown itself to be acute. The growth of
the experts within the Human Factor field
has been limited for obvious reasons, as
the aviation industry, as wel. as the
flying establishment in general, has
previously been unwilling to bring in and
apply knowledge of this kind.

At the end of the 1970's and the beginning
of the 1980's, however, aviation psycholo-
gists were increasingly attached to acci-
dent investigation boards in the USA,
Australia, Canada, UK, etc. In Sweden
there has been a Human Factor expert

on tlie Board of Accident Investigation

for investigating primarily accidents

ir the defence sector since 1982.

THE CRITERIA FOR HUMAN FACTOR ACCIDEN1
INVESTIGATION

In order to map out and illuminate the
purely technical function, it is possible
to use sophisticated technology to produce
data on how the pilot has used the aircraft
operationally when an accident occurs.

It is much more difficult and most of all
far more sensitive to try to analyse human
and organisational responsibility in this
context.

A Human Factor investigator is in many
ways his own instrument, which is why
maturity, self-discipline and the ability
to reach people and be accepted are of
prime importance.

The task of “undressing"™ a person or an
organisation can be a delicate balance
between showing consideration and respect
for the individual and endeavouring to
find the truth. This requires that the
investigator has the motives and goal
clear in his mind, but makes his way
forward with humility. This should be
founded on a confidence which is based

in the world of aviation.

Besides a solid academic proZessional
background, cne needs a good knowledge

of pilot requirements, knowledge of the
educational and operational requirements
as well as of the organisational structure.

THE ACCIDENT INVESTIATION BOARD IM SWEDEN

The structure of the accident investigation
board differs considerably from country to
country and from civilian to military
operations. The aims and goals are, houwever
the same, vhich means - to make flying as
safe as possible.

The investigation board in Sweden is an
independent authority, which covers all
major accidents and incidents in aviation,
military as well as civilian.

The Board employs guite a number of people
and its philosophy lies in attaching to
itself, at each individual accident, well-
trained investigators each working within
their specialist areas and well-established
in flight operations.

The president of the board is always a
legal expert, however he does not sit as

a judge, but balances the respective
experts' investigation results against one
another to make a final report.

B s spamsman =




The accident investigation board is
constituted at its first meeting
immediately in connection with the
occurrence of the accident. The board's
investigators represent the operational,
technical, medical and Human Factor areas.
All hold an independent position in the
investigation board but work closely
together. Experts from other fields are
brought in when necessary.

THE ACCIDENT INVESTIGATION PROCESS

All members of the investigation board

are present during the initial questioning
of the parties involved in the accident.
This means that they all receive the same
information to work form,

The next step is for the respective
investigators to independently take up
their own specialist area. By analysing
available documentation and interviews
the Human Factor investigator has to

map out, interpret and assess areas which
affect:

Operational threshold
Operational experience
Life situation

CAPABILITY VERSUS

During the course of the investigation a
number of meetings of all the investi-
gators take place, to compare notes,
exchange information and discuss the
future direction of the investigation.

In the final stage of the investigation
the respective investigators responsible
present their fact finding and their
analysis so that they can, after discus-
sions and joint analysis, reach the most
credible course of events and underlying
causal factors.

The handling of the Human Factor investi-
gator's documentation may still vary in
Sweden, depending on the wishes of the

president of the board. That the written
documentation should be considered for
"official use only” and not available to
the public should be a matter of course.
If not, then the written documentation
should be thinned out and smoothed over so
as not to damage the individual.

The Human Factor investigator's report,
as those of the other investigators,
should be seen as pieces of a puzzle,
where all of the pieces are required to
make up the whole.

All of the responsible investigators,
including the Human Factor investigator,
should be involved right from the start
of the investigation and should as inde-
pendent investigators, affect the
investigation's final report. An accident
investigation board thereby becomes a
dynamic working team, dependent on the
differences in professional backgrounds
in the group, which gives it strength.
Within the board everyone has to learn to
communicate and the various areas of
competence are necessary to get closer to
the solution.

The final report, which is written by the
president of the board, is examined by the
responsible investigators at the accident
investigation boards's final meeting. The
final report is signed by the president

of the board and is then an open document.

CONCLUSION

An accident can be seen as the most extreme
form of failure in flight safety work. It
is the most dearly-bought experience for
flight safety work. In order to be able

to take safety measures, thoroughly worked
out investigation reports are needed, where
the Human Factor investigator makes it
possible to go a step further, to analyse
the underlying factors. As man is evidently
the weakest link in the system, the human
mental conditions and the human management
of the critical situation should be brought
to light and analysed in order to add them
to the experience bank.

The Human Factor investigator should,
therefore, be as natural a member of the
accident investigation board as the
technical investigator, on all such boards
throughout the world.
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A METHOD FOR INVESTIGATING HUMAN FACTOR ASPECTS OF MILITARY AIRCRAFT ACCIDENTS

Richard A. Levy, M.D., M.P.H.
Life Sciences Directorate
Air Force Safety Agency

Norton Air Force Base, California

For most of us the term "human factor®
denotes the relationship between the
aviator, the aircraft and the environ-
ment. This covers a very large and
complex interrelated panorama of factors,
to include as an example, personal
stress, training, physiology, aircraft
flight characteristics, judgement and
decision making, experience, nutrition,
fatigue, motivation. There are many other
factors we will discuss further along.

A major concern in assessing the signi-
ficance of any particular human factor,
or combination of factors, is the method
employed in the collection of the raw
data and subsequent analysis., I will
first describe the method of investiga-
tion and analysis employed by the US Air
Porce, then discuss the problems inherent
in this approach, and finally I will
propose a joint, NATO human factors air-
craft accident investigation methodology
and program.

The US Air Force approach to aircraft
accident investigation has changed little
over the last several years. Immediately
following an aircraft accident an

interim or temporary safety investigation
board is appointed, and usually functions
for the next three days. The accident
investigation experience of the members
of this interim board varies widely but
at least one member of the team has com-
pleted a formal academic and laboratory
course of aircraft accident investigation
which they may or may not have applied to
a previous accident. This interim group
of investigators searches for, collects
and preserves aircraft and aviator
remains, examines and interviews aircrew
and witnesses, and assembles relevant
data for presentation to the permanent
accident investigation board, properly
called the "safety investigation board."
A separate "accident investigation board”
or "collateral” board is convened to
assess fault., The mission of the "safety
investigation board” is to determine how
future aircraft accidents can be pre-~
vented based on their analysis of the
accident under investigation. The
“"collateral”™ board usually begins its
investigation after the safety investi-
gation board has completed its business
and maintains an "arms-length" relat-~
ionship with the "safety investigation
board."” The two processes are carefully
separated and aircrew interviewed by the
*safety investigation board" clearly
understand the board's mission of pre-
vention, The accident investigation
continues over the course of approxi-
mately twenty days, followed by a
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detailed analysis of the accident, the

construction of a formal report, and the
presentation of this report to senior
commanders (general officers) and the Air
Force Safety Agency. The Director of Air
Force Safety (a general officer assigned
to the Headquarters staff of the air
Force Chief of Staff) reviews the safety
investigation board's report and anal-
ysis, the analysis of the Air Force
Safety Agency, and then concurs, adds or
modifies recommendations for the
correction of those problems leading to
or causing the accident.

The human factors aspect of the accident
investigation is the responsibility of
the flight surgeon assigned to the
permanent safety investigation board. He
is usually assigned from a unit other
than his own (to prevent conflict of
interest or confusion of loyalty), and
his unit usually flies the type of
aircraft involved in the accident under
investigation. U.S. flight surgeons are
required to fly at least four hours every
month in aircraft flown by the aircrews
they provide medical care. Hence, the
investigating flight surgeon is familiar
with the mission, environment, and
peculiar characteristics of the aircraft.
He has deployed with his unit during
exercises, experienced G forces in
simulated combat, observed the effects of
fatigue, dehydration and family separa-
tion, personally suffered motion sickness
and spatial disorientation. He has been
exposed to a variety of human factors
that contribute to accidents during the
course of his routine work. During the
flight surgeon training course, he has
received twenty hours of academic
instruction in the investigation,
analysis and prevention of aircraft
accidents, The interval between the
completion of this training program and
serving as the medical member of a safety
investigation board varies from three
months to several years. Very few of our
human factor investigators have investi-
gated more than one accident during their
Air Porce career.

The permanent safety investigation board
flight surgeon will usually go to the
accident site and obtain a direct visual
impression of the results of the crash
and become familiar with the terrain. He
will often do this at altitude in a
helicopter as well as on the ground. At
remote accident sites the board may
bivouac in tents or stay in nearby motels
if available, eventually convening to a
nearby Air Force base or the base from
which the accident aircraft originated.




Let us remember that the human factor
investigator is the flight surgeon. This
individual consults with his fellow board
members, most of whom are rated aircrew,
and with any authority he chooses.
Typically, the board flight surgeon will
call the safety agency to discuss his
obgservations and speculations; experi-
enced personnel will provide him with
technical information, referral to other
authorities and guidance in the further
conduct of the investigation. The human
factors investigator will also call the
School of Aerospace Medicine at Brooks
AFB in San Antonio and talk with indi-
viduals conducting research into accel-
eration effects, spatial disorientation,
work/rest cycles and fatigue, heat
stress, psychological stress (career,
personal, familial), and vision, and he
may call the Armstrong Laboratory at
Wright Patterson AFB in Ohio to discuss
other issues. Following his various
consultations and approximately twenty
days of investigation, the human factors
investigator, the flight surgeon,
completes a human factors protocol. 1
have presented an outline of this inves-
tigator's background and his method of
inquiry to emphasize the fact that the
validity of human factors data obtained
depends on the experience and knowledge
of the investigator. The validity of any
conclusions we draw from these investi-
gations depends on the quality of that
data.

The protocol used by the human factors
investigator is the revised Air Force
Porm 711gA which you will find in your
documents package. This form has been in
use since September of 1989 and is
currently undergoing a second revision
and a conversion to diskette format. This
protocol then will be totally in computer
format, and the investigator will work
with either a laptop or desktop computer
in completing the form.

In past years the protocol largely
resulted in a great deal of data explain-
ing what had occurred during the course
of the aircraft accident but very little
related to why the accident had occurred.
The 1989 revision included data entries
not previously captured, expands human
factor categories, and for the first time
provides a correlation matrix to be
included by the investigator (see pg. 6
of the 711gA). We have known for many
years that pilots "channelize®" their
attention during both actual and simu-
lated combat and that a consequence of
this narrow focus of attention is the
exclusion of other information from the
aircraft and the environment. This in
turn leads to a loss of situational
awareness and has resulted in many
aircraft accidents. Student »nilots learn
of the hazards of channelized attention
in the classroom and experience its
effects during flight training. Most
pilots have had fellow aviators who have
suffered a crash, many of them fatal, and
once again have learned of the dangers of
"channelized attention®”. Throughout an
aviator's career, he is periodically
reminded of the various hazards inherent
to the flying environment, including

"channelized attention®™ and others such
as spatial disorientation. We assume
that this condition occurs as a result of
the pilot's primary motivation to kill
his opponent or drop his bomb on target
and that he has suffered a major defect
of judgement in not realizing the
importance of his survival. But we do
not really understand why an aviator can
fly hundreds or thousands of hours safely
and then on one fatal occasion, repeating
a maneuver he has often accomplished
successfully and safely, fails to
maintain the situational awareness
necessary for survival. We may say he
was distracted by radio calls, or he did
not sleep well the previous night or that
he had a fight with his wife and his con-
centration in the cockpit was degraded.
This pilot and many others have been
exposed to these and other human factors
and have not suffered an accident. Why
this time? We often speculate but how
often do we really know? The myriad of
human factors included in the 711gA pro-
tocol, and most importantly, the corre-
lation matrix, is an attempt to capture
data that with appropriate analysis may
give us a more complete understanding of
the fatal mix of human factors, or a
signature profile, that we can provide to
commanders, supervisors, instructors and
safety professionals.

Parallel with the use of the 711gA pro-
tocol by human factors investigators, the
United States Air Force is developing a
highly complex data encoding and analysis
program, the "Aircraft Mishap Prevention®
(AMP) program. AMP will provide statis-
tical analysis capability for correlation
and regression analyses and the develop-
ment of an aircraft accident human
factors signature profile, AMP consists
of two IBM RISC 6088S, several 386 work-
stations for analyst personnel, and the
necessary software to run the program.
This program will become operational in
1995,

The human factors data from USAF "opera-
tions" aircraft accidents has been
processed through a preliminary program
we call "Mini-AMP", Let us look at what
we have learned so far. Table I is

a statistical summary of 57 operations
(i.e. human factors) accidents. Table II
provides a similar analysis of 38 logis-
tical (system or mechanical failure)
accidents. Note that although there are
371 possible human factors to be selected
by the investigator that only 17 are
selected with any frequency and that
there is further reduction in the
operations group to 6 with very frequent
gselection. It is probably no surprise te
this audience that the major factors
selected by our investigators are from
the judgement and decision making group
and the situational awareness group. It
is quickly apparent that these frequently
selected human factors are in the "what"
category and not the "why". The "con-
tributors” noted on Table 1 begin to
provide some of the "why"., Aas an
example, note the third line of Table I,
delay in taking necessary action and the
second contributor, misperception of
distance. One of the accidents this
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data related to was a fighter aircraft
flying a defensive ACM exercise against
another fighter. The accident occurred
at 1600 H. Immediately prior to the
engagement, the pilot of the chase
aircraft had lifted his visor, high
contrast yellow, but continued to wear
his green sun glasses. He unknowingly
experienced a “blue wash-out” effect,
lost some depth perception, and was 8600
meters closer to his adversary than he
perceived. Although not the primary cause
of this accident, this physiological
event was a contributor and part of the
complex chain leading to the accident.

You will also note the difference in the
major human factor contributors between
the operations (ops) group and the
logistical (log) group. "Contributors”
in the log group were either not reported
or reported with little frequency.

This preliminary effort has provided us
with the opportunity to recognize certain
problems in human factor data gathering
and analysis.

Our first concern is the guality of data
reporting., The Untied States Air Force
does not have a dedicated human factors
aircraft accident investigator cadre.
Although our human factor consultants at
the Air Force Safety Agency (formerly
called the Air Force Inspection and
Safety Center) have been in the safety
business for several years and have all
been involved in working with numerous
aircraft accidents, the front line
investigator usually does one in an
entire career. These human factor
investigators, all Air Porce flight
surgeons, have experienced similar
medical training and have all graduated
from the USAF School of Aerospace
Medicine Primary Course in Flight
Medicine, However, they may serve on a
safety investigation board after only two
months or as much as three years service
as a flight surgeon. Recognizing this
problem, the Air Force plans to initiate
a course in aircraft accident investi-
gation for human factor investigators (to
include flight surgeons, physiologists,
and aviation psychologists), two weeks in
duration at the USAF School of aerospace
medicine at Brooks AFB. Graduates of
this course will constitute a cadre of
specially trained professionals who will
be consistently required to serve as
safety investigation board human factor
investigators. This course is planned to
begin in the Fall of 1993.

Another concern is the specific nature or
type of data required that will event-
ually answer the question of why human
factor accidents occur and provide useful
information for the preveantion of future
accidents., Although the 711gA protocol
is very detailed, it is the first attempt
in concert with the AMP program and will
certainly require further revision and
elaboration. The quantity of data
required to distinguish between aviators
who have ailrcraft accidents and those who
do not is another concern. Our statis-
ticians say that at least five years of
aircraft accident data, with a comparison
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cohort group, will need to be analyzed.

It is likely that the human factor causes
of aircraft accidents do not vary greatly
from country to country and that we share
many of the same problems of human error.
I would propose to this group that we
construct a universal human factors
protocol, and that our investigators be
trained in the same program. 1Initially,
I suggest the 711gA protocol be reviewed
and modified by NATO safety organizations
for joint use and that our human factors
investigators be jointly trained at the
USAF School of Aerospace Medicine.

In summary, we lose many aircraft and
aviators due to human factor causes we
incompletely understand. We are no
longer satisfied with the simplistic
concept of pilot error and have come to
realize that human factor caused
accidents are very complex events that
require very careful investigation and
analysis. I have proposed a method of
investigation and analysis that we share
as a joint endeavor.
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106 CLASS A/A+ MISHAPS (57 OPS,

(719 3s & 4S;

TABLE 1

OPS MISHAPS

156 4s RANKED 1/2;

HUMAN FACTOR INCIDENCE
of 35 & 4s
CHANNELIZED ATTENTION 1 (34)
SEL WRNG CRSE OF ACTION 2 (29)
DELAY IN TKNG NESS ACTION 3 (23)
RISK ASSESSMENT 4 (21)
FAIL TO USE ACPT PROCEDS 4 (21)
SDo, TYPE I 6 (20)
MISPERCEPTION OF POSITION 7 (19)
DISTRACTION 8 (18)
VIOLATION FLT DISCIPLN 9 (15)
INADEQUATE OPS BRIEFING 10 (12)
VESTIBULAR ILLUSION 11 (10)
INADEQT WRTTN OPS PROCDS 11 (10)
COGNITIVE TASK OVERSAT 11 (10)
SITUATNL AWARENESS-OTHER 11 (10)
INADEQUATE SUPERVISION 11 (10)

COMPLACENCY 16
JUDGMENT/DECSNS, OTHER 20

(9)
(8)

TIMES RATED

#1 OR #2

2

3 (10)

7

8

10

12

12

(11)

(6)
(5)
(7)
(13)
(4)
(3)
(9)
(9)
(1)
(2)
(1)
(3)

(2)
(5)

RITED #1/#2
(°ILOTS)
2 (8)
1 {10)
6 (5)
8 (4)
4 (7)
2 (8)
13 (2)
10 (3)
4 (7
10 (3)
0
(1)
(2)
(1)
13 (2)
(2)
6 (%)
TABLE 11

38 LOG,

7 OTHER, 4 UNKNOWN)

124 4s RANKED 1/2 FOR PILOTS (69) ONLY

LOG/MISC/UNK MISHAPS

106 CLASS A/A+ MISHAPS (57 OPS,
(393 3s & 45; 69 4s RANKED 1/2; 31 4s RANKED 1/2 FOR PILOTS (31) ONLY

HUMAN FACTOR

CREW COORDINATION

FAIL TO USE ACPT PROCEDS

INCIDENCE

1

1

INADQ WRITTEN OPS PROCEDS 3

LOG/MNX PROCEDURES

ACCELERTN/DECELRATN FRCES 4

INADEQTE LOG/MNX INSPECTN 6

INADEQUATE MNX TECH DATA

OTHER AIRFLD CAPABILITIES 6

CHANNELIZED ATTENTION

OVERCONFIDENCE
LOG/MNX SUPERVISION

TIME INTO CREW DUTY DAY

UNIT MISSION DEMANDS
INTRACOCKPIT COMM
SEAT DESIGN

DELAY IN TAK NESS ACTN
TECHNC/PROCEDURL KNOWLDG 15

DP®DO®®EO

15

(11)
(11)
(9)
(8)
(8)
(7)
(7)
(7
(6)
(6)
(6)
(6)
(6)
(6)
(6)

(5)
(5)

of 3s & 4s

TIMES RATED

7

3

2

(3)
(4)
(5)
(7)
(2)
(2)
(4)
(2)
(0)
(1)
(3)
(0)
(0)
(4)
(2)

(3)
(0)

#1 OR #2

RATED #1/#2

CONTRIBUTORS

COGNIT TSK OVERSAT (2)
LIMITED TOT EXPER (2)
RISK ASSESSMENT (3)
COG TSK SAT (2) CONFUSN (2)
RISK ASSESSMENT (2)
MSPRCPTN OF DISTNCE (2)
SEL WNG CRSE ACT (3)
DISTRACTION (3)

NO TREND

VESTIBULAR ILLUSN (4)
CHANNELIZED ATTN (3)

RISK ASSESSMENT (3)
FAIL TO USE PROC/SEL WNG CRS (2)

CHANNELIZED ATTN (2)

38 LOG, 7 OTHER, 4 UNKNOWN)

CONTRIBUTORS

(PILOTS)

(1)
(3)
(4)
(2)
(1)
(0)
(3)
(1)
(0)
(0)
(0)
(0)
(0)
(2)
(o)

(0)
(0)
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Appendix 1 - Human Factors Protocol
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S ONLY THE B AR
PUNISHABLE UNDE|

VICEGED UIMITED-USH PGRT, UNAU
R ARTICLE 92, UNIFORM CODE OF MiLI

. NFORMA [ L'(!‘O" L."]
TARY JUSTICE. SEE AFR 1274, PARA 1-8 & 1-9 FOR RESTRICTIONS.

LIFE SCIENCES REPORT OF AN INDIVIDUAL INVOLVED IN AN AIR
FORCE FLIGHT/FLIGHT RELATED MISHAP

GENERAL INSTRUCTIONS: COMPLETE ONE FORM FOR
EACH INDIVIDUAL 1AW AFR 127-4. ENTER ANSWERS BY HAND
PRINTING OR TYPING. ATTACH THE LIFE SCIENCE NARRATIVE
AT THE END OF THE FORM. IF MORE THAN ONE INDIVIDUAL IS
INVOLVED IN THE MISHAP, A SINGLE NARRATIVE IS
ACCEPTABLE PROVIDED EACH PERSON HAS THEIR OWN
SECTION FOR INJURIES AND THE 72 HOUR HISTORY. ATTACH
THE LATEST TWO (2) PHYSICALS, INCLUDING THE MOST
RECENT SF - 88, ONLY TO HQ AFISC/ SER.

PRIVACY ACT STATEMENT

AUTHORITY: 10 USC #8012

PRINCIPAL PURPOSE(S): gations of mi are for mishap prevention
within the Al Force. .

ROUTINE USES: To provide tical and usad by the Dep: o
Detense for mishap prevention. Specilically, for special studies involving jection, search
rescus. Wwivival, P of 1r: phy ol madical or injury data. When data
are used for safety P o p riais, the identities of we
not disclosed.

DISCLOSURE IS MANDATORY: Unless the individual & d of miting a violation

of the Unifaem Code of Miliary Justice. This Information s needsd 1o snsure your personal salely
and that of others.

1. INDIVIDUAL BACKGROUND
a. IDENTIFICATION
(1) NAME:
TFrat

(2) SSAN:
(3) RANK:
(4) SEX: (maleftemale):
(5) DOB: (yy / mm / dd):
{6) CREW POSITION: (AFSC)
(7) DATE OF MISHAP (yymmdd):

Migdle Last

(3) TOBACCO Indicate Y- Yes, N- No, or U- Unknown

{a) Smoke (d) Cigarette packs/day
{b) Snitf (e) Pipe bowls/day
{c)Chew/Dip ____ (f)Cigars/day

(4) PRE-EXISTING DISEASE(S) / ILLNESS
(a) DIAGNOSES () WAIVER () USAFSAM
YESNQ DATE YES/NO DATE

(8) ASSIGNED UNIT:
(9) ASSIGNED BASE:
(10) BASE NEAREST MISHAP:
(1) COMMAND:
{12) AIRCRAFT MDS:

(13) AERO RATING:
(14) SOURCE OF COMMISSION:
(OTS, USAFA, ROTC, OTHER)

(15) Was this person in control of the aircraft (hands on
controls ) at the time of, or during, the mishap?

Yes No Unknown
{1€) MARITAL STATUS: Single Married _
Separated Diverced

b. MEDICAL HISTORY

(1) ANTHROPOMET:Y Use inches and pounds

(a) HE!GHT: __{b) WEIGHT: ____
{c) HAND DOMINANCE: Right ~;
Left . Ambidextrous

Complete (d) - (1) i avallatie.
{d) BUTTOCK KNEE LENGTH:
(e) LEGLENGTH:
(h FUMCTIONAL REACH:

{o) SITTING HEIGHT:

{2) VISION Indicste Y- Yes, N- No, or U- Unknown

Anacnh addtonal pages 4 nesdad

(5) Are latest two physicals attached? Yes ___ No ___.
( ATTACH TO HQ AFISC COPY ONLY }

{6) Date of last flight physical:
¢. WORK / REST HISTORY Time in hours and tenths

(1) Hours worked in last 24 hrs.
(2) Hours worked in last 48 hrs.
{3) Hours worked in last 72 hrs.
(4) Continuous time awake prior to mishap.
(5) Hours slept in last 24 hrs.
(6) Hours slept in last 48 hrs,
(7) Hours slept in last 72 hrs.

(8) Duration of last sleep period.
(9) Hours between last meal and mishap. ___

2. MISHAP MEDICAL INFORMATION
a. OVERALL DEGREE OF INJURY

(a) Corrected (1) NONE
(b) Muitecal {2) MINOR MARK ONLY
) Contacts (3) MAJOR ONE
(d) Used (4) FATAL
(2) Current _ {5) MISSING
(1) Sunglasses worn during mishap _
CREW FOSITION/PASSENGER LAST NAME SSAN MISHAP DATE
AF FoaM  711gA  (previous editions obsolete) FOR LIMITED USE ONLY
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711gA INJURY LOCATIONS, DIAGNOSIS, AND CAUSE CODES

4490 B53  THORAX D43 FX, HYPEREXTEN WICORD c20
BS4 THUMB NJURY c21

A ANTERIOR BSS TIBIA D44 FX, HYPEREXTENSION

S BLATERAL BS8  TIBIA & FIBULA D45 FX,IMPACTED c2

£ ENTIRE BODY BS?  TOES D48 FX,SIMPLE ca

L LEFT BT1 T D47 FX, UNIFORM COMP c

M DIAL BT2 T2 D48 FX, UNIFORM COMP W/CORD | C25

p POSTERIOR 813 T3 INJURY (o]

R RIGHT BT¢ T4 D40 FXS, MULTIPLE cz

Y UNKNOWN 8T8 15 DS0  GUNSHOT WOUND ca28
8T8 T8 051 HEAT EXHAUSTION c2

[5910 817 W D52  HEAT STROKE c2
BTS T8 D53  HEMARTHROSIS €31

801  ABDOMEN BT T D54  HEMATOMA ca2

802  ANKLE BTA T10 D55  HEMIPLEGIA c

R03  ARMLOWER BIB T DS6  HEMORRHAGE (W SHOCK) [ C34

804  ARMUPPER BTC T12 D57  HEMORRHAGE

805 BACK(NONFRACTURE) B58  ULNA DS8  HERNIA cas

808  BASAL SKULL BSY  ULNA & RADIUS D59  HYPOTHERMIA c36

807  BRACHIAL PLEXUS. B60  UNKNOWN FRACTURE 080 IMMERSION INJJRY caz

808  BRAIN Bat  UNKNOWNNA De1  INFARCT cae

n09  BUTTOCKS B2  WRIST D62  INTERNAL DERANGEMENT

810 CHIN B63  10%BODY SURFACE D63  LACERATION (o]

811 CLAVICLE B64  20%BODY SURFACE D4  LOST c40

8t Ct 865  A0%BODY SURFACE D85  MULTIPLE EXTREME INJUREES

8c2 C2 B68  40%BODY SURFACE De6  OTHER INJURY c4t

83 €3 867  50%BOOY SURFACE 067  OTHER OCCUPATIONAL c42

BCs C4 B8  60%BODY SURFACE DISEASE i3

ocs  Cs 869  70%BODY SURFACE D68 PARAPLEGIA Cad

BCs  Cé 870 80%BODY SURFACE 068 PARESIS C4s

87 C7 871 90%BODY SURFACE D70  PNEUMOTHORAX Cae

812 EAR D7t PUNCTURE

a1 ELBOW W Dr2 QUADRIPLEGIA C47

B14  ENTIRE BODY D73 RAD INJURY IONIZING Cs8

815 EYE D01 ABRASION D74 RAD INJURY NONIONIZING C49

816  FACE D02 ACOUSTIC TRAMA 07S  RUPTURE Cso

817  FACIAL BONES D03 AMPUTATION D76  SEVERED NERVES cs51

818  FEMUR D04  ASPHYXIA D77 SPRAIN/STRAIN cs2

819 FIBULA DOS  ASPHYXIA-TOXIC D78 STABWOUND cs3

820 FINGER D06 AVULSION D78 STARVATION C54

821 FOOT D07  BITE-ANIMAL D80  STRETCHING css

822  GREAT VESSELS D08  BITE-HUMAN D81  TEAR

821  HAND 003  BLAST INJURY D82  TOXIC REACTION css

824+ HEAD D10 BLUNT TRAMA D83 TOXIC REACTION SKIN

825  HEART D1t BURN-1ST DEGREE D84 TOXIC REACTIONSYSTEMIC |CS7

828 HiP D12 BURN-2ND DEGREE D8s TRANSECTION Ccs8

827 MUMERUS D13 BURN-3RD DEGREE D86  TRAPEDGAS EARBLOCK cs9

A28 INGUINAL D14 BURN-4TH DEGREE Da7 TRAPPED GAS ABDOMINAL C60

829 JAW D15 BURN-CHEMICAL D88 TRAPPED GAS DENTAL c81

B30  KIDNEY D18 BURAN-ELECTRICAL D89  TRAPPED GAS SINUSBLOCK |cCe2

831 KNEE D17 CONCUSSION DX UNCONSCIOUNESS cs3

832 LEG LOWER 018 CONTUSION DS UNKNOWNNA

833 LEGUPPER D19 CRUSH INJURY Cs4

A3  UVER 020  DCS (BENDS) @ AN css

B35S  LUNG D21 DCS (CHOKE) . [

s Ly D22 DCS(CNS) CO1  BIRD STRIKE cs7

B2 L2 D2 OCS(CRAWLS) C02  BLAST/EXPLOSION/ cs8

Al L3 D24 DECAPITATION DISINTEGRATION c59

BLe  ta D25  DEHYDRATION CO3  BORANES cro

8Ls LS D28  DEPRESSED C04  BULLET WOUNDS cn

B3s MENINGES o DISLOCATION Co5 CB (FIRE EXTINGUISHENT) cr

837  MULT BODY PARTS 028  DROWNING co6  COLD cn

838  MULTIPLE EXTREME D20 EDEMA C07  DEBARKING ACFT ON GNO

839  MNECK 000  ELECTROCUTION C08  DECELERATION,

B840 NOSE (04 }] EMBOLISM LONGITUDINAL

841 PELVIS D2 EVISCERATION €08  DECELERATION, VERTICAL

8¢2  PUBIC 033 EXHAUSTION C10  DEFORMATICN OF ACFT

B4l RADWS 084 EXSANGUINATION C11  DRAGGING

gas  ABS a5 FOREIGN BODY Ci2  DROWNING

845  SACRORLIAC 008  FRACTURE DISLOCATION C13  DUSTS

846  SACRUMCOCCYX 0J7  FRAGMENTATION Ct4  EJECTION FORCE

Be?  SCAPULA 008 FROSTBITE Ci§  EJECTION THRU CANOPY

848 SHOULDER £ FX, ANT COMP WCORD C18  ENTANGLE (EQPT/.CHUTE)

849 SKULL INJURY C17  ENTANGLE SHROUD LINE

A0  SPINAL CORD D40 FX,ANT COMPRESSION WATER

851 SPLEEN D41 FX, COMMIUTED C18  ESCAPE ROPE

852  STERNUM D42 FX, COMPOUND C19  EXPLOSION

EXAMPLE Injury code

INJURY / DIAGNOSIS: Left upper arm fracture compound L, B04, D42

CAUSE: Broken on ejection due to wind biast C73

[ INSERT TO AF FORM 711gA Aug89 |

EXPLOSIVE DECOMPRESSION
FAILURE OF SURVIVAL
EQUIPMENT

FIRE

FIREBALL

FUELS(GASOLINE ETC)
FUMES/SMOKE

G FORCES

GASES

HEAT

HIT BY DEBRIS ACFT
HYDRAULIC FLUIDS
HYPQXIA

INITIAL IMPACT W/ TERRAIN
JET BLAST/PROP WASH
LACK OF SURVIVAL
EQUIPMENT

LANDED ON SURVIVAL KIT
MISSING

MISTS

MISUSE OF SURVIVAL
EQUIPMENT

NITROGEN OXIDES

OBJECT DISLODGEDOROP
N /DURING FLIGHT
OPENING SHOCK OF CHUTE
POOR PLF

RESTRAINT(S)

ROCKET BLAST

SEAT COLLAPSE
SECONDARY IMPACT W/
TERRAN

SHRAPNEL

SOLVENTS

STRUCK BY DISLODGED EQPT
STRUCK BY EJECTION SEAT
STRUCK BY MOVING ACFT
STRUCK BY OTHER ACFT
STRUCK BY OTHER INDIV
STRUCK BY PERSONAL EQPT
STRUCK BY ROTOR BLADE/
PROP

STRUCK BY UNATTACHED
EQUIPMENT

STRUCK CABIN STRUCTURE
STRUCK CANOPY

STRUCK CTL STKCK
STRUCK ESCAPE HATCH
STRUCK EXTL SURF ACFT
STRUCK GUN SIGHT (HUD)
STAUCK OTHER COCKPIT
STRUCTURE

STRUCK RADARSCOPE
STRUCK WINDSHIELD
SUCKED INTO JET INTAKE
THROWN QUT OF ACFT
TRAPPED

TUMBLING

TURBULENCE
UDMH-HYDRAZINE
UNKNOWN

WINDBLAST

-
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. o} CRIMING
PUNISHABLE UNDER ARTlCLE 92 UNIFORM COOE ‘OF MIUTARY JUSTICE. SEE AFR 1274, PARA 1-! 419FOR RESTRK:TDNS

b. LABORATORY TESTS: (Blood and body fluids.)

() TYPE TEST (2) TISSUE TESTED (3) TESTING LAB  (4) METHOD (5) RESULT

NOTE: FOR MORE TESTS, DISEASES, INJURIES, OR RESULTS, INCLUDE THEM ON PLAIN BOND CONTINUATION SHEET(S).
c. INJURIES @odypa

uryy: ie Impact forces indicate MULTIPLE EXTREME or TOTAL FRAGMENTATION when appiicable.

INJURY CODE

LISTINJURIES IN DECREASING ORDER OF SEVERITY

SEE FACING PAGE

(1) INJURY / DIAGNOSIS:

CAUSE:

[(2) INJURY / DIAGNOSIS:

CAUSE:

[(3)_INJURY / DIAGNOSIS:

CAUSE:

[{4) INJURY / DIAGNOSIS:

CAUSE:

{5) INJURY / DIAGNOSIS:

CAUSE:

(6] iINJURY / DIAGNOSIS:

CAUSE:

d. X-RAY RE3SULTS

r(ﬂ AREA / LOCATION (2) FINDINGS @ @ @ -
- S NI =7
. - ~ & —
C — E -
- £y
- %,—_v =4 g
- _ _ == = =
' == 2 %
T T - T == =4
b - - ~= =1 7
S ——— =3
L -

=
!
|
i
|

|
!
i
v
|

‘2. INJURY INCAPACITATION TIMZS

indicate time or "M/A”

(1) DAYS HOSPITALIZED

(2) DAYS INQUARTERS ___
(3) DAYS GROUNDED (DNIF} _
14) TIME OF UNCONSCIOUSHESS

mm
=
-

| )
———— g =
538y

CAUSE EXAMPLES Bud Sirke, Burn (chemical, tual), Drowning, Parachute Landing Fall(PLF), Ejection, Explosion, Flad, Impact with. .7,
Personal Equipmant.. Gencrally give the WHAT and HOW of the injury cause and 'WHEN it was sustained.

(@) (hs/mins) o ‘(’]g .0
(b) (seconds} o s 5&“
e 85i

IMJURY FROFILE

{ MARK OR DRAW INJURIES WHEN APPLICABLE )

l

"AF

“CREV! FOSITION/PASSEHGER

LAST NAME

SSAN

MISHAP DATE
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. ! SACE
PI.NISHABLE UNDER ARTICLE 92, UNIFORM CODE OF WUTARY JISTICE SEE AFR 1274 PARA 1-881-9FOR RESTR‘CTDNS

] 1
l l

i

Evaluate each factor for presence and the significance of its contribution.
from contribution scale. i Factor NOT PRESENT leave blank, if UNKNOWN i factor PRESENT mark with “U",

Mark PRESENT Factors with either 0, 1, 2, 3, or 4

3
l l

DEFINMTE

NONE
DISCUSS PRESENT FACTORS IN THE HUMAN FACTORS PORTION OF THE NARRATIVE

3. HUMAN PERFORMANCE AND 4 ANTHROPOMETRIC
. 52___ WORKSPACE INCOMPATIBLE WITH HUMAN
ENVIRONMENTAL CONCERNS 153 INADVERTENT OPERATION, MECHANICALLY INDUCED
BODY SIZE
1;{; PHYSICAL STRENGTH
1 PHYSICAL MOBILITY
INOIVIDUAL FACTORS 157" DEXTERITY
158 OTHER
A PHYSIOLOGIC OR BIODYNAMIC FACTORS
B PSYCHOLOGICAL FACTORS
1 BIODYNAMIC
101____ HYPOXIA 1  PROFICIENCY
102___ HYPERVENTILATION 153___ iNADEQUATE TRANSITION
103___ EARBLOCK 180___ LIMITED TOTAL EXPERIENCE
104___ ALTERNOBARIC VERTIGO 161___ LIMITED RECENT EXPERIENCE
105___ SINUS BLOCK 162___ NEGATIVE TRANSFER
106___ BARODONTALGIA 163____ USED WRCNG CONTROL
107 ___ PNEUMOTHORAX 164____ EVENT PROFICIENCY
108 _ ABDOMINAL GAS 185____ EVENT CURRENCY
109 BENDS/DECOMPRE SSION SICKNESS 166___ JOB/FLYING PROFICIENCY
110" CHOKE S/DE COMPRE SSION SICKNE SS 167____ JOB /FLYING CURRENCY
111 CNS/DECOMPRESSION SICKNESS 168___ LEARNING ABILITY, RATE
112___ GINDUCED VISION DEFICIT 163 MEMORY ABILITY
113___ G-INDUCED LOSS OF CONSCIOUSNESS 170___ TECHNICAL / PROCEDURAL KNOWLEDGE
114___ OTHER 171 OTHER
2 SENSORY AND PERCEPTUAL 2 SITUATIONAL AWARENESS
115____ VISION DEFICIT 172 INATTENTION
116 VISUAL ACQUISITION 173___ SELECTIVE INATTENTION :
117 VISUAL LLUSION 174___ CHANNELIZED ATTENTION :
118____ VESTIBULAR ILLUSION 175____ DISTRAZTION !
119 KINESTHETIC iLLUSION 176___ BOREDUM ;
120___ AUDITGRY CUES 177___ FASCINATION ;
1217 NOISE INTERFERENCE 176___ TEMPORAL DISTORTION :
122 VIBRATION 179___ CONFUSION !
123" MISPERCEPTION OF SPEED 180___ COGNTIIVE TASK OVERSATURATION !
124 MISPERCEPTION OF DISTANCE 181" HABIT INTERFERENCE !
125" MISPERCEPTION OF POSITION 182___ MISREAD INSTRUMENTS ‘
126 ___ SPATIAL DISCRENTATION (TYPE 1) UNRECOGNIZED 183____ MISINTERPRETED INSTRUMENT READING
127" SPATIAL DISORIENTATION (TYPE 2) RECOGNIZED 184 OTHER
1287 SPAT!AL DISORIENTAT.ION (TYPE 9) UNCONTROLLABLE '
129 OTHER__ - 3 MENTAL FATIGUE '
185___ ACUTE
3 PATHOPHYSIOLOGICAL 186___ CHRONK
120 DRUGS PAESCAIBED BY MEDICAI OFFICER 187___ MOTIVATICNAL EXHAUSTION (BURNOUT)
13:.__ DAUGS, OTHER 188 SLEEP DEPRIVATION
1327 SIDE EFFECTS /1 HANGOYER 189___ CIRCAD!AN RHYTHM DE SYNCHRONY
12377 ALCOHOL 190___ OTHER
134 | NICOTINE
135 CAFFEINS 2 PERCEPTUAL-MOTOR CAPABILITIES
13 _ NUTRITICN 191___ PHYSICAL TASK OVERSATURATION
337 DeHYDRATICN 192 TIME AND SPACE LIMITATION
138 WANVERS. MECICAL 193____ CONFUSION OF CONTROLS ‘
:3; - m;‘g:t :'S'égz 194 INADECUATE COCRDINATION OR TIMING !
» < )
141_" . SUDOEN INCAPACTTATION s UNCONSCIOUSNE S5 Ve Pne SKILL ABILITY / DEFICIENCY
142 _ _ FOOD POISONING 1977 OTHER
1437 CARBON MONOXICE POISONING —
T s 5 JUDGMENT AND DECISION MAKING
vae” " OTHER ACUTE RINESS 198____ FANLURE TOUSE ACCEPTED PROCEDURES
o - o ar seTins
147___ OTHER PRE-EXISTING DISEASE/DEFECT 199___ SELECTED WRONG COURSE CF ACTICH
108" TMERMAL STRESS HEAT 200___ DELAY IN TAKING NECESSARY ACTION
198" THERMAL STHESS COLD 201____ RUSH IN TAKING NECESSARY ACTION
150 " RADIATION 202" VIOLATION OF FLIGHT DISCIPLINE
18t OTHER 203___ PROCEDURE /NAVIGATIONAL ERROR
: - - 204" INADVERTENT OPERATION, SELF-INDUCED
: 205" GET-HOME-MIS / GET-THERE-ITIS
; 206 RISK ASSESSMENT
f 207___ IGNORED CAUTION / WARNING
! 208 OTHER ;
: j
i .
|
'
| .
| CREW POSITIONPASSENGER LAST NAME SSAN MISHAP DATE
AF FORM  711gA (previous editions obsolete) FOR LIMITED USE ONLY




TR S , - HEP T
PUNISHABLE UNDER ARTICLE 92, UNIFORM CODE OF MlIJTARY JUSTICE. SEE AFR 1274, PAHA 184 1-9FOR RESTRICTDNS

NONE
DISCUSS PRESENT FACTORS IN THE HUMAN FACTORS PORTION OF THE NARRATIVE

0 1
l l

Evaluate each factor for presence and the significance of its contribution.
from contribution scale. ¥ Factor NOT PRESENT leave blank, f UNKNOWN fif facior PRESENT mark with "U",

Mark PRESENT Factors with either 0, 1, 2, 3, or 4

i i

DEFINITE

6 PERSONALITY INFLUENCES

3 COMMUNICATION

267____ MISINTERPRETED COMMUNICATIONS
RUPTED ICAT
) EwoTioNAL STATE 2 ST CuNCATONS
209___ APPREHENSION 270___ CREW COORDINATION
: 210____ PANKC / CHOKE / FREEZE I EXTE ANAL COMMUNIGATION
; 211 ANGER cion 272" INADEQUATE COMMUNICATION EQUIPMENT
; 22— DEPREJ??:HANGE 273____ INTRACOCKPIT COMMUNICATION
3 23 RECENT O 274 BLOCKED TRANSMISSION
i 4___ RATA 275" RADIO DISCIPLINE
215___ CAREFREE bids pa
' 216 ELATION S
: 217 UNKNOWN .
. 218 OWHER__ .. ____ __ .
; ENVIROMMENTAL FACTORS {
: (b) BEHAVIOR :
: 219___ RESPONSE SET
. 220___ PRESSING A AIRCRAFT / COCKPIT DESIGN FACTORS
21____ PREOCCUPATION
222 EXCESSNVE MOTIVATION TO SUCCEED 1 COCKPIT SEAT
: 20 LACKOF DS e 277___ ACCELERATICN OR DECELERATION FORCES, MPACT
: 224 LACK OF CONFIDENCE 275 SEATDESGN '
: 2. ovsnngmll)f&ca 279___ SEAT COMFORT i
' 26___ OVE 280" FIxED SEAT RESTRAINT !
227___ MOTIVATION ms&aﬁe% o LG REST R i
228 MOTIVATION INA| A —_— .
2257 GAMESMANSHIP OR CAREERISM o Eé'%fern'o" SEAT SEQUENCING |
! 230__ OVERAGGRESSIVE — _
Y H
?3; %%?fcm 2 VISIBILITY |
— - - 284____ VISION RESTRICTED BY EQUIPMENT STRUCTURES 1
(¢) PERSONALITY STYLE ggg__ gff;é’" LIGHTING ;
g— g:ggss;;ssnc 287 CANOPY REFLECTIONS !
235 IMPULSIVE 283 CANOPY DESIGN '
26 INVULNERABLE 289 HEAD-UP-DISPLAY DESIGN - LOCATION .
27 MACHO 290___ HEAD-UP-DISPLAY DESIGN - SYMBOLOGY :
238 PASSIVE AGGRESSIVE 291___ OTHER .
239___ SUBMISSIVE ;
240___ CONSERVATIVE 3 INSTRUMENTATION i
241___ LONER 292____ DESIGN 1
212 " AUTHORITARIAN 29 SIZE :
243 _ NONE OF THE ABOVE 294 LIGHTING k
244 OTHER . . 295____ SYMBOLOGY :
- 296___ FAILURE |
C PSYCHOSOCIAL FACTORS 298" MISLED 8Y FALLTY INSTRUMENT i
299 OTHER i
1 PEER INFLUENCES —
245 __ PEERPRESSICE, EXPRESSED 4 CONTROLS
248 " PEER PL.ECE PTION:MORALE 300 DESIGN i
2477 PEER OR CREW RULE VIOLATIONS 301 SiFE 1
218 OFFICEASHIP 302___ LIGHTING i
243 "~ REPTATION 303 FAILURE !
250 T OIHER_ - 304 SWITCH LOCATION i
305___ SWITCH SIZE :
2 PERSONAL AND COMMUNITY 306___ SWITCH SHAPE
251 __ CAREER/JC8 PROGRESSION 307___ LOCATION
252 CAREER/JOB SATISFACTION 308___ OTHER
253 RECENT OR PLANNED CHANGE IN CARZER 1 JOO .
254 _ INTERPERSONAL RELATIONSIIPS 5 AUTOMATION :
255 " FAMILY OR FRIEND DEATHALLNESS gt‘): El;gml DESIGN OF SYSTEM ;
' g {e'gl‘.c PROBLENS 311 EMPLOYMENT GUIDANCE !
258 MARITAL PROBLEMS 3127 FUNCTIONAL DEFICIENCY -
ROOLEMS 313___ SYMBOLOGY
ﬁ :tégelz'rpummvmcnm 314___ FAILURE STATUS INDICATOR
281 RECENT PAOMOTION COHSIDERATION 315 MANUAL BACKUP INADEQUATE
262~ RECENT ENGAGEMENT / MARRIAGE ne___ gema»uw
: 283___ RECENT DIVORCE / SEPARATION 317___ PROGRAM LOGIC
264”__ COMMUNITY ACTIVITY PARTICIPATION 318___ DESIGN DEFICIENCY
285 ___ EDUCATION BACKGROUND 39__ OTHER
266 OTHER__ . _ ... . _
i
CREW POSITIONFASSENGER LAST NAME SSAN MISHAP DATE
AF Form  71{gA (previous editions obsolete) FOR LIMITED USE ONLY
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R FORM) CRI
PUNISHABLE UNDER ARTICLE 92 UNIFORM CODE OF MIUTARY NSTICE. SEE AFR 127-4 PARA 184 1-9 FOR RESTRICTK)NS

Evaluate each factor for presence and the significance of its contribution,
from contribution scale. i Factor NOT PRESENT leave blank, it UNKNOWN if factor PRESENT mark with “U”.

[} 1
I l

Mark PRESENT Factors with either 0, 1,2, 3, or 4

i 1

NONE

DEFINITE

DISCUSS PRESENT FACTORS iIN THE HUMAN FACTORS PORTION OF THE NARRATIVE

B OPERATIONS FACTORS 3 AIRFIELD CAPABILITIES
72__ wnwwm LIGHTING
_ IAY DIMENSIONS
1 ng”“"‘lf O ATE BREFING 374 RUNWAY SLOPE
21 SYSTEMS KNOWLEDGE (DASH 1) g;: SURROUNDING ENVIRONMENT
) 322__ FAULTY FLIGHT PLAN LACK OF NAV-AIDS / RADAR
i 323 FAULTY PRE-FLIGHT OF AIRCRAFT g;; 'gT‘SEgU"E MONITORING
324" INADEQUATE WEATHER ANALYSIS S E
! 32 OTHER
z S___ — D EQUIPMENT FACTORS
{ 2 COCKPIT RESOURCE MANAGEMENT / CREW
' COORDINATION 1 LOGISTICS/MAINTENANCE PERSONNEL
: 326____ INITIAL FORMAL TRAINING 379 INADEQUATE NSPECTION
327 RECURRENT TRAINING 380___ INADEQUATE INSPECTION POLICY
328 LEADERSHIP (COMMANDER STYLE) 381___ SUPERVISION
329 SUBORDINATE STYLE / COPILOT SYNOROME 382 COMMAND GUIDANCE
X0 DEFACTO- POLICY 383 PROCEDURES
21" AANK IMBALANCE 384___ DESIGN
M2 OTHER____ _ __ . . 385___ OTHER
- 3 PROCEDURAL GUIDANCE / PUBLICATIONS 2  LOGISTICS/MAINTENANCE QUAULITY ASSURANCE
X3___ INADEQUATE WRITTEN PROCEDURES 386____ INADEQUATE INSPECTION
34 INAPPROPRIATE WRITTEN PROCEDURES 387___ INADEQUATE INSPECTION POLICY
35 INADEQUATE GRAPHIC DEPICTION 388___ SUPERVISION
336____ MISLEADING GUIDANCE ___ PROCEDURES
) 7" NOT CURRENT 390___ OTHER :
338___ OTHER____ e i
3 LOCAL WORKING CONDITIONS '
. 4 MISSION DEMANDS 391___ MANNING i
. 39___ HURRIED/ DELAYED DEPARTURE 392__ TRAINING :
340_ CREW/FLIGHT MAKEUP / COMPOSITION 393____ PERSONNEL HARMONY :
341___ ACCELERATION FORCES, IN-FLIGHT 334___ PHYSICAL PLANT '
; 342 LOSS OF AIRCRAFT PRESSURIZATION 395___ SUPERVISION ;
343_ __ LIGHTING OF OTHER AIRCRAFT 396 CTHER !
: 344___ VISION RESTRICTED BY WEATHER, HAZE, DARKNESS i
3a5__ _ VISION RESTRICTED BY ICING. WINDOWS FOGGED, ETC. 4 LOGISTICS/MAINTENANCE MANAGEMENT i
3<6____ VISION RESTRICTED BY DUST. SMOKE, ETC. IN AIRCRAFT 397___ OVERHAUL POLICES !
347___ WEATHER, OTHER THAN VISIBILITY RESTRICTION 398 ACQUISITION POLICIES ;
348" EXERCISES / EVALUATIONS 3%9____ MODIFICATION POLICIES )
. 39___ NUMEROUS TDY'S 400___ ATTRITION POLICIES :
! 350 UMIT MISSION DEMANDS 401___ OTHER !
: 3S1___ CREW REST ;
3527 TIME INTO CREW DUTY DAY 5 PUBLICATIONS / PROCEDURAL GUIDANCE :
263__ SUPERVISORY PRESSURES 402____ INADEOUATE TECHNICAL DATA H
354 INTERNALIZED UNIT / ORGAMIZATIONAL VAL UES 403___ INADEQUATE WRITTEN PROCEDURES H
355____ RULES CONFORMANCE 404 INADECUATE/MISLEADING REGULATIONS :
36 OTWER_____ 405____ INADEQUATE GRAPHIC DEPICTION '
406___ NOT CURAENT i
! € FACILITIES AND SERVICES FACTORS 407__ OTHER
! 1 AIRCREW SUPPORT E INSTITUTIONAL OR MANAGEMENT FACTORS
; 357, _ ACCESS TO DINING FACILITIES ;
’ 158" RESIDENCE QUARTERS 1  SUPERVISORY INFLUENCES
' 339 __ _ CREW REST QUARTERS 408___ AVALABRTY
t 0 ___ ACCESS TO EXERCISE 409 INADEQUATE
! 361 __ ACCESS TO RECREATION OR LEAVE 410____ PERSONALITY CONFLICT
362 MEDICAL CARE 411____ COMMAND AND CONTROL
: 263 TRANSIENT MAINTENANCE 412____ MODELING (IMITATIVE LEARNING)
. 364 ___ DUTY LOCATION SATISFACTION 413___ DISCIPLINE ENFORCEMENT
s~ OTHER__ _ 414____ SENSITIVE TO PRESSURE J
) St 415___ COMPETENCY
i 2 AIR TRAFFIC CONTROL 416____ LACK OF FEEDBACK
' 36__ LANGUAGE BARRIER 417___ ORDEREDAED ON FLIGHT BEYOND CAPABILITY
i 287___ INAPPROPRIATE GUADANCE 418____ OTHER
! 288 INACCURATE GUIDANCE
I 389 ___ LACK OF NAV.AIDS / ENROUTE 2 INDICATE LEVEL OF SUPERVISORY FACTOR (E.1)
: 370 ___ NADEQUATE MONITORING 419___ SUPERVISOR OF FLYING
! 3. OTHER e 420____ FLIGHT
| — 421 SOUADRON
1 422___ WING !
. 423___ GROUP !
| 424___ AIRDIVISION
i 425___ NUMBERED AIR FORCE :
: 426 MAJOR COMMAND i
' 427 MIRFORCE i
428___ OTHER
CREW POSITION/PASSENGER LAST NAME SSAN MISHAP DATE
AF FoRM  711gA (previous editions obsolete) FOR LIMITED USE ONLY




PUNISHABLE UNDER ARTICLE 92. UﬁIFORM CODE OF MILITARY JUSTICE. SEE AFR 1274, PARA 18 & 1-9 FOR RESTRICTIONS.

Evaluate each facior for presence and the significance of its contribution.

from contribution scale. if Factor NOT PRESENT leave blank, f UNKNOWN if factor PRESENT mark with "U",

1] 1
J l

2
+

3
l J

DEFINITE

NONE
DISCUSS PRESENT FACTORS IN THE HUMAN FACTORS PORTION OF THE NARRATIVE

Mark PRESENT Factors with either 0, 1,2, 3, or 4

[

o

r

AREW POSITICN/PASSENGER

TRAINING ISSUES / PROGRAMS
429_ _ INADEQUATE INSTRUMENT TRAINING
430 INSTRUMENT REFRESHER COURSE

431 LOST WINGMAN TRAINING

432 RADAR TRAIL DEPARTURE / RECOVERY
433 SINULATOR/ PYT/CPT

434___ LOWLEVEL

435 ___ NIGHT

436 NIGHT VISION GOGGLES

7 WEAPONS EMPLOYMENT / RANGE
438" FORMATION

433 T PROCEDURES / CHECKLIST DISCIPUNE
420 __ LIFE SUPPORT / PERSCNAL EQUIPMENT

441____ PHYSIOLOGICAL / CENTRIFUGE / SCO

442°__ NO TPAINING FOR TASK ATTEMPTED
443__ _ FLIR(SYSTEMS)
444_ _ OTHER___ .
INDICATE WHERE TRAINING FACTORS OCCURRED
135 UPT/UNT/UHI

ad6__ _ LIFT

487 AW

418 LOCAL CHECKQUT

449 AMQT/MQT

450° | CONTINUATICN TRAIMING
451 OTHER__

EVALUATION / PROMOTION / UPGRADE ISSUES
452 __ OFFICER EVALUATICN SYSTEM

453 UPGRADE PRESSURE

354 SUPERVISOR OF FLYING
455 _ FLIGHT LEAD

458 MISSICN COMMANCTR

<57 . INSTRUCTOR / EXALNNER

158 RANGE OFFICER

4583 RUNWAY SUFERYISORY OFFICER

50 OTHER__ . e
VIORKLOAD
161 ADCITIONAL CUTIES

22~ PROFESSIONAL MILITASIY EDUCATION

a3 __ OTHER ACADEMIC ENPOLLMENT
€4 SUPERVISOR TASKING
45 _ OTMER . _ _ .. _..
UNIT PERCEPTIONS OF EQUIPMENT

%6 __ LACK CF CORFIDENCE M CQUIPMENY

w7 " LACK CF CONFICENZE IN AIRCRAFT

63 LACK OF CONMFITENCE IN ESCAPE SYSTCMS
€5 LT PLANNING TO CUACTIVATE

LRy VT SHANGING MISSION » AIRRCHAFT

A CIUiER

UASTNANE

FAGTOR RELATIONSRHIP

COMPLETE THE MATRIX BELO'W AFTER RESPONDING TO ALL

THE

INDIVIDUAL AND ENVIRONMENTAL FACTORS. THIS AREA WILL

ALLOW YOU TO ESTABLISH RELATIONSHIPS BETWEEN FACTORS.

RANX ORCER ALL FACTORS (BY NUMBER) THAT DEFINITELY
CONTRIBUTED, ("MARKED 47), FROM THE TOP DOWN IN THE LEFT

COLUMN.
THEN, IN EACH ROW UST ANY FACTORS RELATED TO THAT

DEFINITE FACTOR, AGAIN IN RANK CRDER CF RELATICNSHIP

HIGHEST TO LOWEST (LEFT TO RIGHT ).

EXAMPLE: :
DEFINITE FACTCR FANK ORDER CF RELATED FACTCRS -
113 | 140, 137, 155
175 i 262

The evaluater is expressing that 113 is the GREATEST

contributing factor, and is MOST related to 140, and

is

LESS refated to 137, and is LEAST related to 165. 175

has less contribution than 113. 262 Is related 1o 175.

EFiNITE FACTCR

HIGHEST HIGHEST LOWEST

RANK ORGER OF RELATED FACTORS

RN RN

LOwesY

IF NEEDED, CONTINUE WITH RELATIONSHIPS ON THE BACK.

SSAN MISHAP DATE

“AF
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5 A PRVILEGED URITED-USE REPORT, UNAUTHORIZED DISCLOSU HE INFORM RE) CRIl
LE UNDER ARTICLE 92, UNIFORM CODE OF MILITARY JUSTICE. SEE AFR 1274 _PARA 1-8 & 1-9 FOR RESTRICTIONS.

.
O

PUNISHAB
4. LIFE SUPPORT EQUIPMENT CODE CONDITION / PROBLEM
VIVAL, & ESCAPE
a. PERSONAL, SUR L, 01  ACTUATED AUTOMATICALLY
EQUIPMENT 02  ACTUATED BY ANOTHER PERSON
ENTER INFORMATION ON EQUIPMENT LISTED > fg;“g,%gﬁ‘.}%%ﬁ :}g‘?&f}#gﬁ
TRIBUTED TO THE INJURIES OF THIS PERSON, 06  DIFFICULT ACTUATION
OR WAS USEFUL. ENTER UNIT MDR NUMBER 07 FAILED ACTUATOR
IF SUBMITTED. 08  INADVERTENT ACTUATION
ITEM DESCRIPTION (SPECIFY TYPE / NUMBER) MDR # CODE(S) ?g gg?ﬁ'glgg%u‘?(l)ﬁiURY
gttgg;"g" 11 MINIMIZED INJURIES
e 12 PRODUCED INJURIES
13 USE HAMPERED BY INJURY
BOOTS 14 AIDED IN RESCUE/SURVIVAL
ANTI EXPOSURE SUIT }Z gg@ﬁ%ﬁ&@“ RESCUE/SURVIVAL
TECMET 17 BURNED
Belore Durng | Dunng :g gl,ir»rt-\ceo
e L e 20 DELAYED IN USING
21 DESIGN DEFICIENCY
NAPE STRAP SECURE 22 DESTROYED
23 DIFFICULT CONNECTION
VSOR(QWERED _Segl 24 DIFFICULT RELEASE
e e R  grotion
CXYGENMASK 27  DISCARDED
OXYGEN REGULATOR 28 DONNING/REMOVAL PROBLEM

29 ENTANGLEMENT
30 ENTANGLEMENT WiTH AIRCRAFT

OXYGEN SUPPLY SOURCE/PRESSURE

(FEFRESEAVER TPU) 31 ENTANGLEMENT WITH EJECTION SEAT
— 32 ENTANGLEMENT WITH PARACHUTE
AUTO INFLATOR 33 FAILED
_ 34  FAILED CONNECTION

LJECTION SEAT 35  FAILED RELEASE

{IF ACE St CRECK MANUFACTURER) MDA {] WEBCR {] 36 FAILED RESTRAINT

SEFT RESTRAINT(S) 37  INADVERTENT RELEASE

e - — 38 INSTALLATION ERROR

" 39  LANDED ON UNDEPLOYED SURVIVAL KIT
PARACHUTE 40 LEAKED
{41 LosT

AUTO ACTUATOR 42  MATERIEL DEFICIENCY
SORTACKITTVEST —1 43  NON-STANDARD CONFIGURATION

n 144  NOTAVAILASLE

T E AAFT 45  OPERATED PARTIALLY

— 46  POORFIT

AAOXS) 47 PUNCTURED

[BEAITNG) 48 TORN

_ 43 NOT USED PROPERLY- HAD TRAINING
“GHTVISION GOGGLE S / DEVICES 50  NOT USED PROPERLY- NO TRAINING
Corrc'ete addiional form if involwed 51 USE HAMPERED BY COLD
AT G.SUIT / PRESSURE SUTT 52  USE HAMPERED BY OTHER EQUIPMENT

53  USE HAMPERED BY WATER

[ANTIGVEST (JE RKiNy 54  USE UNFAMILIAR

ENVIRONMENTAL CONTROL SYSTEM 55 FAULTY PREPARATION OF EQUIPMENT BY AIRCREW
| _ $6  FAULTY PREPARATION OF EQUIPMENT BY
PRLSCRIPTION GLASSES TECHNICIAN
[5TER 57  MAINTENANCL ERROR

58  UNAUTHORIZED MODIFICATION TO EQUIPMENT
$9  NOT REQUIRED BUT NEEDED
- 60  OTHER

pR—

DIVER EXAMPLES. ELECTRO OPTICAL DEVICES, C)E MICAL DEFENSE GEAR, | COMMENT ON IDENTIFIED EQUIPMENT
|10 7AG3.B00Y ARMOR, PEfISONAL LOWERING DEVICE  ETC. |  PROBLEMS IN THE LIFE SUPPORT NARRATIVE.
CREW POSITION/PASSENGER LASTNAME SSAN MISHAP DATE

"AF TFORM_ 711gA (previous editions obsolete) FOR LIMITED USE ONLY




g D UIMITEG-USE REPORT,
PUNISHABLE UNDER ARTICLE 92, UNIFORM CODE OF MILITAI

(1) LOCATION IN AIRCRAFT

(2) ESCAPE METHOD
(A) BY EJECTION

(CREW/PASSENGER SEATING)
(A) LOCATION (B) LONGITUDINAL LOCATION
1_ COCKPIT CONTROL AREA i___FORWARD
2__ NAVIGATORENGINEERAREA 2__ CENTER
3__ CABIN/PASSENGER AREA 3___AFT
4__OTHER _ 4 UNKNOWN
5 UNKNOWN
(C) LATERAL LOCATION (D) DIRECTION FACING
1___CENTER 1___FORWARD
2. LEFTSIDE 2 _AFT
3___RIGHT SIDE 3__ SIDEWARD
4__ UNKNOWN 4___ UNKNOWN
(E) USE OF SEAT
1___NOTINSEAT
2___INSEAT
3___BUNK
4___ UNKNOWN

4. b. ESCAPE DECISION AND DATA {3) ESCAPE INTENTION

INTENTIONAL, OTHER-INDUCED
INTENTIONAL, SELF-INDUCED
UNINTENTIONAL, MECHANICAL
UNINTENTIONAL, OTHER-INDUCED
UNINTENTIONAL, SELF-INDUCED
INTENT UN¥ IOWN

(4) REASONS FOR ESCAPE
(MARK ALL THAT APPLY)

ARRESTMENT FAILURE

ENGINE FAILURE

FIRE OR EXPLOSION

FUEL EXHAUSTION

WATER IMPACT

DEPARTED PREPARED SURFACE

LOSS OF CONTROL

—_ MID-AIR COLLISION

_—_ STRUCTURAL FAILURE

10___ IMPACT WITH GROUND OR STRUCTURE
11____ UNKNOWN IMPACT
12_77 OTHER

(5) EXITUSED

NORMAL EXIT
EMERGENCY EXIT

EXIT THROUGH CANOPY
NORMAL EJECTION
UNKNOWN

OTHER

LTI A NS

il

L

W NN AN

@

DN e LA =

N

(6) DELAY IN INITIATING ESCAPE DUE TO:

1 ACCOMPLISHED (MARK ALL THAT APPLY, SEQUENCE BY NUMBSER)
2 INITIATED !DID NOT CLEAR COCKPIT) crse o
3 ATTEMPTED BUT INITIATION FAILED 1___ ADVERSE AIRCRAFT ATTITUDE
4___ ATTEMPTED BUT SEQUENCING FAILED T e e e Ve, 1 PROBLEM
5 INANDVERTENT EJECTION 4 AVOIDING POPULATED AREAS
6 UNDERWATER EJECTION s gvonozNG UNSUF;SBLE TER‘:'-IAIN
77 UNKNOWN IF ATTEMPT WAS MADE &___ EXCESSIVE AIRSPEED
8___ SUSPECTED EJECTION T RO T A TC0E
9____ DEFINITELY NOT ATTEMPTED 9 UNKNOWN
10____ SEATEJECTED ON IMPACT 16" NONE
11___ OTHER
(8) BY BAILOUT (7) WAS DELAY IN INITIATING ESCAPE:
1 ACCOMPLISHED (FREE OF AIRCRAFT) 1 APPROPRIATE
27 ATTEMPTED (NOT ACCOMPLISHED) 2 EXCESSIVE
37 PAILED OUT AFTER EJECTION 37 UNKNOWN
ATTEMPT FAILED 20 HER
4 UNKNOWN IF ATTEMPT WAS MADE —
i 5___ SUSPECTED BAILOUT (8) TIME FROM ONSET OF EMERGENCY UNTIL
' 6 DEFINITELY NOT ~ATTEMPTED ESCAPE ATTEMPT INITIATED.
i {C) BY OTHER MEANS HOURS
i { _ EMERGENCY GROUND EGRE3S MINUTES
‘ 2. UNDERWATER EGRESS (NOT EJECTION) SECONDS
3 DID NOT ESCAPE
4 EXIT UNASSISTED (OTHER THAN #1) (3) COCKPIT CONDITION AFTER IMPACT
5 CARRIED/ASSISTED OUT
6 BLOWN/THROWN OUT 1___NO DAMAGE
77 JUMPEDAELL FROM AIRCRAFT IN FLIGHT 2__ MINOR DAMAGE (DEFINITELY HABITABLE)
8 UNKNOWN IF ESCAPE ACCOMPLISHED 3____INTACT (PROBABLY HABITABLE)
0 ESCAPE METHOD UNKNOWN 4____ MAJOR DAMAGE (PROBABLY NOT HABITABLE)
— 5____ DESTROVYED (DEFINITELY NOT HABITABLE)
6 UNKNOWN
7___ AIRCRAFT ABANDONED IN-FLIGHT
CREW POSITION/PASSENGER LAST NAME SSAN MISHAP DATE

AF FfORM  7{{gA (previous editions obsolete)
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P o

f GED UNITED-USE REFORT, UNAUTHORIZED DISCLOSURE OF TRE IRFORMATICN TN
PUNISHABLE UNDER ARTICLE 92, UNIFORM CODE OF MILITARY JUSTICE. SEE AFR 1274, PARA 1-8 & 1-9 FOR RESTRICTIONS.

4. c. EGRESS DIFFICULTIES

PLACE AN “X" IN THE APPLICABLE COLUMN
TO INDICATE IF THE PROBLEM DEVELOPED

BEFORE “B”, DURING "D", OR AFTER "A" EGRESS

(APPLIES TO ALL AIRCRAFT)

AlR GROUND

WATER

BIDIAIB

D

AIBIDIA

. _ANTHROPOMETRIC PROBLEM

BUFFETING

CANOPY JETTISON FAILURE {Aulomatc Mode)

CANOPY JETTISON PROBLEM

coLD

CONFUSION / PANIC / DISORIENTATION

COULD NOT OPEN CANOPY 7/ HATCH

DARKNESS / NO VISUAL REFERENCE

ojo{~alnalwlpl-

. DIFFICULTY LOCATING CANOPY JETTISON MECHANISM

10. DIFFICULTY REACHING RATCH/EXIT - AIRCRAFT ATTITUDE

11, DIFFICULTY REACHING HATCHEXIT - EQUIPNMENT HANG-UP

12. DIFFICULTY REACHING HATCH/EXIT - SUURIES

13. DIFFICULTY REACHING HATCHEXIT - OBSTRUCTIONS

14. DIFFICULTY RELEASING CANOPY /HATCH

15. DIFFICULTY RELEASING RESTRAINTS

16. DROGUE SLUG STRUCK PERSCN

17. DROGUE SLUG SWINGING

18. EJECTION HANDLE FAILED YO ACTIVATE SEAT

19. EJECTION HANDLE PROBLEM {Locatng, React: g, otc.)

20. FACE CURTAINFAILED TO ACTIVATE

21, FACE CURTAIN PROBLEM (Locating, Reaching, etc.)

22. FAILURE OF LAPBELT

23. FALURE TO RELEASE CANOPY /HATCH

24, FIRE 1 SMOKE / FUMES
25, FLAILING - LOWER EXTREMITIES

. FLAILING - UPPER EXTREMITIES

. G FORCES

. HAMPERED BY CLOTHING

. HALIPERED BY EQUIPNMENT (inciud'ng Body Armer)

. INADVERTENT CPENING CF LAPBELT

. _INDIVIDUAL STRUCK BY OTHER ECGUIPMENT

INRUSHING WATER

7
27
28
29
20, HAMPERED BY INJURIES
k3l
32
=
34

._LIFE SUPPORT FQUIPMENT FACTOR :Not hang-up)

35 LOWER EXTREMITIES HIT COCKPIT STRUCTURES

| 36. PARACHUTE CANCOPY STREAMED / MALFUNCTICRED

¢+ 37. PARACHUTE COMTAINER D!O NUT OPEN

38 PARACHUTE LINE OVER/INVERSION ¢ SEMI-INVERSION

33 PARACHUTE RISER INTI"RFEALNCE

20 PERSON EMTANGLED 1N HAFT LANYARD

a1, PERSINHOLD CNTO SEAT

{Ta2_ PERSCHI S [1UCK CANGAY / CANOPY BOW

1 &3 P.NNED IN AIRCHAFT Not equidrment harg-u)

<4 SEATFARLED TOFIRE

4S. SEATLEFT IN SAFED CONDITION

46, SEAT SEPARATION DE-FICULTY

47 SEAT/PARACHUE ENTANGLEAENT

48 SEAT ; PEASCN COLLISION

49 STRUCK EXIERIQA SURFAGE CI AINCHACT

&5 TUMBDLING 7 SPINNING {Person and / or seald

51 UNAUTHORIZED EQUIPMENT {Or moaificanor of)

1 52 UNCONSCICUS DAJED

t 53 UPPEREXTREMITIES HIT COCKPIT STRUCTURES

54, WINDBLAST

55 NONE

%. OTHER

Ctrer Excmplas: ENVIRONMENTAL SENSOR FAILED, DROGUE CANOPY OPERATED IN MODE ONE, ETC.

s'
|
|
,
{

TFAEW POSITION PASSENGER

LAST NAME

SSAN

MISHAP DATE
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PUNISHABLE UNDER ARTICLE 92 UNIFORM CODE OF MILITARY .IJSTlCE. SEE AFR 127-4 PARA 1-8 s 1-9 FOR RESTRICT)ONS

4. d. EJECTION PARAMETERS

(1) BODY POSITION AT EJECTION
a)Head }(b)Pelvis J(c)Feet }{d)Arms

1 Optimal
2 Forward
3 Upward
4 Lateral
5 Unknown

{2) WAS THE ZERO DELAY LANYARD A FACTOR?
YES_____NO_____

{3) ORDER OF ESCAPE # OF

(4) NUMBER OF PREVIOUS EJECTIONS

(57 MODE OF SEAT OPERATION (ACES 1OMLY)
(8) REMOVAL OF AIRCRAFT CANCPY
(Mark all that apoly)
1 Intantional
2 Urintentionat
3 Unknown if intended
4 By tiis individual
5____ By another individual
[3 By unknovn moans
7 Definitely attemprsd
8

____ Hotattempted

9__ Unkncwn if attemptad

10____ Successtul

V1 Unsuccesstl

12 Using automatic sequence
13___ Using manua! release
14___ Dua to exterral force (explain) e
13___ Cueio other methad (exptain) _

16 Hinge lailure

| (7) POSITION OF EJECTION SEAT
1___ Fultup

' ___ Fuldown

; —_ Fullforward

! “Fullah

| !rtermadiate cosition

; _ DJnanown

T=O0 CF MAM / SEAT SEPARATION
Quer e segarate

___ ALwr atic ins cesiened)

_JAzneal crermnen

her faxgiain)

rn

. 1__

: 7

! 3
é

if YES explain in narrative,

(Either inflight or after crash, ditching, etc.)
Enter numeric value or *X" to mark condition.

(11) AIRCRAFT PARAMETERS AT TIME OF ESCAPE

1. Althude__~ (RAGL)
2. Airspeed _____~__KIAS
3. Ground speed KNOTS (il not airborne)
4. Sink rate (ft / min)
5. Nose up °
6. Nose down °
7. Right bank °
8. Left bank °
9. Invertea
10. Nose down spin
1. Flat spin
12 Oscillating spin
13. ____ Tumblirg
14 Mushirg
15 Disirtegrating
16 Reliing
17 Qtheor
18. _Urknown
19. Rate cirall "/ ssC
20. Rate of pitch °/sec
21. Pate of yaw °/sec
22. G Forcas: {estimated) X Y Z
23. !n Ejection anvzicpe? YES MO UNK____
24. Balowr Minimum Szfe Parachute Altituge?
YES NO UNK____

4. e. PARACHUTE DESCENT DATA

COMPLETE THIS SECTION ONLY
IE APARACH C CURR

(1) GENERAL DATA

Terrain clearancs at time of parachute opsning (AGL)
Mumber cf previcus parachute descents

Total weight tnder parachuts
Surface winds (magnetic.knots)
Dragged by chute? YES NO UNK
Distance dragged in YAADS
Time dragged in SECCNDS
AFSEAWARS INSTALLED? YES NO UNK

(2) METHOD OF DEPLOYING PARACHUTE
1__ _ Notdegleved

; - 2 Autometic Main
3, WETHOD GF ECECTION IMITIATICN 3 Manuai Main
: 1 rm rest 4____ Autcrnatc Reserve
i 2 Face curtain 5 Manual Reserve
1 3___ iLowsr ejechen hardie 6 Unknown
| 4___ Ccrmand soguence 7 Cther
! 5____ lmpact
6__Feo (3) PARACHUTE OPENING SHOCK
7 Machanical fatura 1 Negligidia
8____ Exiemal force (explain) __ T Mode.’rata
9 taknown —_—
i - 3 Severe
| (13, AUTCMATIC LAP BELT RELEASE 4___ Unknown
) 1___ Dot open of reiease
: 2____ Ralpased sute.nalically as desigred
| 3. Cpered manually ;
4____ Cpened inadvertently
' 5__ _ Mciconnected
' 57 Unknown how rolaased
L 7 Uaknown if re'eased
hisew POSITIONPASSENGER LAST NAME SSAN MISHAP DATE
L
AF FOoRM  711gA (previous editions obsolete) FOR LIMITED USE ONLY
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ONLY TARS S g nr, El Lol
PUNISHABLE UNDER ARTICLE 92, UNIFORM CODE OF MILITARY JUSTICE. SEE AFR 1274, PARA 1-8 8 1-9 FOR RESTRICTIONS.

(8) SEQUENCE OF ACTIONS ACCOMPLISHED
(Number in order only i used)
BEFORE | AFTER
LANDING | LANDING
1 Helmet visor raised

2 Oxygen mask releasad-Manual

3 Oxygen mask released-Automatic
4 Lite preserver Actuated-Manual

S Life preserver Actuated-Automatic

6 Survival kit deployed-Manual

7 Survival kit deployed-Automatic

8 Four-tine release pulled

9 Life raft actuated-Manual

10 Life raft actuated-Automatic

11 Canogpy releases actuated-Manual
12 Canopy releases actuated-Automatic ]
13 Helmet removed

14 Gloves removed

15 Closed canogy releases
16 Boarded life raft

(10) -TERRAIN OF PARACHUTE LANDING
(Indicate all that apply)
Deep snow

Soft ground

Steep slopes
Structure

In/near power lines
Unknown

Other

- d wd b anb b b -
3

|

17 Other

(5) OSCILLATIONS DURING DESCENT
(Use codes: N = Negligible, M = Moderate,
S = Severe, U = Unknown)

1____ Before 4-iine release

2____ Aher 4-line release

3____ Without 4-line release

4 Increased by survival kit deployment

(6) PARACHUTE LANDING TECHNIQUES
(Indicate all that apply)
___ Couldnot see

____ Looking at horizon
Looking down
Proper PLF

Feil backward

Feil forward
Muscles tensed
Muscles too tense
Knees logether
Proper arm position
____ Cther

OWONDUNE WA -

[T

-

(7) PARACHUTE DAMAGE
(Indicate Number)

5. SURVIVAL AND RESCUE DATA
a. GENERAL AND NOTIFICATIOMN DATA

(1) TIME SEQUENCE CF EVENTS
INDICATE TOTAL TIME IN DAYS, HOURS, AND MINUTES

Total time from mishap 1o rescue completed (Individual aboard
rescue vehicle or abandoned)
Total time from rescue notification to rescue completed

Time spent in the water without raft

Timae spent in life raft

Total search and rescue time

Oid injuries or death result from delayed SAR effont?

ES NO (Explain in narrative)
SAR Report Attached YES NO
(2) UNITSNVEHICLES THAT PARTICIPATED IN RESCUE

(a) PRIMARY RESCUE VEHICLE

1. __ Severed suspension lines
2 Torn panels-minor Type rescue vehicle Unit
3___ Tom pansis-major Experienced problems? YES ____NO ____
4 Missing pacels Nautical miles from departure base to rescue site
5_ __ Twisted Risers
5___ Ower (b} ASSIST VEHICLE(S)
(1) Number of other rescue vehicles used.

(8} CAUSE OF PARACHUTE DAMAGE (2) Type vehicle Unit
1____ Dragging ahter PLF Experienced problems? YES ___NO____
2 Fire/Thermal (3) Type vehicle Unit
37 Fouled cn aircraht Expenenced preblems? YES ___NO _
4____ Fouled on ejection scat (4) Type vehicle Unit
§__ Landing Experienced problems? YES ____ NO ____
6___ Opening Shock
7 Trees (3) WEATHER CONDITIONS AT TIME OF RESCUE
8___ Chemical i Clear
9___ Unknown 2___Fog

10____ Other 3___ Hail
4___ Overcast
1{9) DIRECTICN FACED AT PARACHUTE LANDING 5___ Rain
COMPARED TO DESCENT TRAVEL DIRECTION 6. Snow

1___ Directly tacing 7___ Thunders'orms
2. Directly sideways 8____ Surlace winds knots/ °
3_____ Backward facing 10_____ Visibility (miles) Ceiling (ft)
4 Guartering Towards 11___ Temperature in degrees F: Water *F Air °F
5 u ing Away 12_____Wave Height Feel Wavefrequency_
6__ _ Unkrown per /min,

CREW POSITION/PASSENGER LAST NAME SSAN MISHAP DATE

AF foaM  711gA (previous editions obsolete)
Aug 89

FOR LIMITED USE ONLY

i AT e it




317

(4) ALERTING COMMUNICATIONS PROBLEMS
___ Aircraft radio/IFF Inoperative
___ Incompatible radio frequencies
Language problems

Poor radio procedures

Locater Beacon Malfunction
Poor radio reception/trans
Telephone busy/INOP

Poor message reception

None

Other,

(5) RESCUE ALERTING MEANS
(Number in sequence)

____ Airbome radio relay
Crash phone

____ Other phone

Loss of radio contact
Overdue report

Loss of RADAR surveillance
Radio MAYDAY call
Smoke/Fire/Crash report
Survival radio

Other radio report
Satellite report

Survival locater beacon
13 Survivor report

14 Visual signal

15 Witnessed

16____ Other

BNDNE WA -

PECTTITET

ufnfrrrrrrr"‘

|

(6) DELAYS IN DEPARTURE OF RESCUE VEHICLES
____ Communications INOP

____ Completing previous mission
_____ Crew not available

_____ No crash site information
____ Operator not available

____ Vehicle not ready

_____ Adverse Weather
_.___Other

_____None

{7) RESCUE VERICLE PROBLEMS ENROUTE
__ Unforecast Headwind
Hugh sea slate
_____Mechanical probiems

"~ Nature of terrain

Other Obstructions
Low/Poor visibility
Rescuers lost

Adversa Weather

Low criling

Ncne

____ Orther

O 0 ~yBN B WN -

LT

..onocnwa:u-uun-

-

Ib SURVIVAL AND RESCUE DIFFICULTIES
{1} PROBLEMS LOCATING SURVIVOR

Communication
) Darkness
___ Entrapment in aircraft
_____ Equipment Fallure
_____ Fire/Explosion
Slowed- by helicopter downwash
Weather

Hampered by personal equipment

10____ Inadequacy / Lack of medical equipment
11____Inadequacy / Lack of rescue equipment
12 Inadequacy / Lack of rescue personnel training
13 Inadequacy / Lack of rescue vehicle

14 Panic / Inappropriate actions of survivor
15____ Topagraphy - Rough seas, mins. etc.

16 Survivor dragged / entangled with parachute

17___ Other
{3) LOCATOR MEANS ( Number in sequence )
1__Dyemai _____Aircraft radio after mishap
Z_Flare-hand held 1 7 _____Fire/Smoke/Smoke flare
3____ Fiashlight 18___Flare - pen gun type
4___Gunfire 19___ FlightsuivHelmet
5__ _Mimror 20___ Individual located without 2id of signals

[} Parachute 21__ Mishap ocbserved
7___Radar chalf 22 __Mishap site located without signals
8___Signal wand ___Other aircralt directed rescue personnel
9 ____Sonar buoy 24 ____Personnel locater beacon

____ Strobe light 25__ Radio or radar vector or DF steer
1i___Survivalradio 26__ RafyVest/Poncho
12____Tracers 27__ _ Signal(buit by survivor fire markings,etc.)
13___ Very pistol 28____Survivor located rescuers
14___ Voice 29___ Walkie-Talkie or other FM radio
15___ Whistle 30___ Other

(4) INDIVIDUAL SURVIVAL PROBLEMS ENCOUNTERED
____Darkness 9____ Confused/Dazed/Disoriented
' Exposure 10____ Entanglement {Not parachute)
____Fatigue 11__ Inadequais cold weather gear
____Injured 12____ Inadequate flotation gear
____Thirst 13 Lack of signalling equipment
_____Topography 14____ lack of other equipment
____Weather 15____ Unfamiliar with procedures/equip.
_____None 16____ Other.

D~ DU & G N

(5) RESCUE EQUIPMENT USED (Number in sequence)
1____ Basket

' Ladder

____ Life Ring

| Raft

____Rope

____Sling

'_____Stretcher

___ Firstaid equipment

Helicapter platform

Helicopter rescue boom

11 Knife/Axe/Saw

12 Make-shift camier support

Swmumuaum

1____ Darkness 13 Tree penetrator seat
2 Fog/Clouds 14 Horse coflar
3___ Heavy seas 15 Cther,
4 Trees o
5 Precipitation (6) FACTORS THAT AIDED RESCUE/RECOVERY
g Rado interference 1___ Aircralt emergency escape system/design
— e X lability of
8 Could not visually dizstnguish survivor from lerrain g (A:;Z'r;:azo: or'e::suceu:qetﬂgr::nt
9____ Inadequate/improper soarch . . 4 Personal equipment releases/actuators
!0 Lack of correct information on survivor location 5 Rescue personnel training
__ Loss of radio/Radar contact 6 Rescue procedures/ pre-accident plans
2____ Maltunction of Direction Finding equipment 7 Suitability of equipment
13___ Survivor failod / unablc to use signaling equipment 8 Survivors techniques
14____ Survivor Improperly used signaling equipment 9 Training of survivor
15____ Other 10 Other.
CREW POSITION/PASSENGER LAST NAME SSAN MISHAP DATE
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PUNiSHABLE UNDER ARTICLE 92 UNIFORM CODE 'OF M!LiTARY JUSTICE. SEE AFR t27~4 PAHA 1-8 4 1-9FOR RESTRICTDNS

(7) INDIVICUAL'S PHYSICAL CONDITION
TIMES | AM DR

Times: Aher Mishap=AM, During Rescue=DR, Alter Rescue=AR

AR

1_Fully functional

2 Partially functional

3 Immobolelunoonsclous

4 Fatal

5 Unknown / Lost

b. LIFE SUPPORT OFFICER
Name and Grade

Duty Station

6. TRAINING

parachute descent and landing)

CCMPLETED? Y=YES, N=NO, U=UNKNOWN
DATE OF LAST TNG

{month/year)
UNARMED EJECTION SEAT

a. ) EJECTION SEAT/PARACHUTE TRAINING
{Required for thase who used an ejection scalcapsuli: or made a

IF DATES UNKNOWN / NOT AVAILABLE, WAS TRAINING EVER

VALUE CF TNG

(use codes)

ARMED SEAT ON TOWER

PARASAIL (LAND)

_PARASAIL (WATER)

JUMP SCHOOL

OTHER

b. SURVIVAL TRAINING
WATER

LAND

JUNGLE

ARCTIC

COMBAT

OTHER (

c. PHYSIOLOGICAL TRAINING
CENTRIFUGE TNG

Did your life support training help you complete the
investigation? YES NO ( Explain in narrative )

Date of report

Autovon Phone
NUMBER of PREVIOUS INVESTIGATIONS :

Signature ;

¢. OTHER LIFE SCIENCE CONSULTANTS

Name and Grade
Duty Station
Phone {AV or Comm.)

Name and Grade i
Duty Station ]
Phone (AV or Comm.)

PHYSIOLOGICAL TRAINING

SPATIAL DISORIENTATION TNG

EGRESS

CTHER

VALUE CODES

facicr; S = Unknown

= Mo Importance; 1 = Delinitely heiped:2 = Possibly helped,
3 = Lack of training possidle facior; 4 = Lack of trai

ning definite

7. REPOQRT DOCUMENTATION
a. FLIGHT SURGEON

Mame and Grade

r61:(3/ Station

YES NO __

Date of report

Did your training help you complete the investigation?
( Explain in parrative )

Autoven Phone

NUMBER of PREVIOUS INVESTIGATIONS__

8. NARRATIVE INSTRUCTIONS

The life sciences narretive is used to describe the
clrcumstances surrounding the mishap. Evaluste the
person for his/her 72 hour history and their 14 day life
styls. Ciscuss job pressures, fatigue, physical state or
state of mental, or emotlonal exhaustion. Explain duty
duys, non flying duties, workload, PME and advanced i
degree work. !

Injuries Incurred and their causes must be discussed.
Human factors involved must be discussed. Pay close
attention 1o the factors previously identified as contribuling
to the mishap.

Life support eguipment and any design deficiencies must be
discussed.

dentity egress / ejection parameters and any associated
conditions.

Survival and Rescue must be discussed especially If there
Is & FATALITY.

FINDINGS need to be derlved from your deliterations and
facts.

Make RECOMMENDATIONS based on the FINDINGS »and
recommend an OPR.

Conclusions must support the findings of the mishap board.

9 SUMMARY INSTRUCTIONS

When your nsrrative is completed write a summary of it that

Slonatu re does not exceed 99 lines. This summary will be entered in
‘ < the computer ss the h factors Y.

i‘casw FOSITION/PASSENGER LAST NAME SSAN MISHAP DATE

| . _

AF FOAM  711gA (previous editions obsalete) FOR UMITED USE ONLY
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THE HUMAN FACTOR PROBLEM IN THE CANADIAN FORCES AVIATION

by

Colonel J.F. David
Directorate of Flight Safety, Canadian Forces
305 Rideau Street, Constitution Building 8/FL
NDHQ Ottawa, Ontario, Canada K1A 0K2

Fifty years ago, the Air Investigation
Branch in the UK recognized the enigma
of dealing with Human Factor Errors.
Quote:

‘Most aircraft accidents are due to ‘Human
Factors’ but the failure is not necessarily
solely that of the person involved in the
accident. It may be due to errors or
omissions in training, to faulty design,
maintenance or to poor organization.
While it is usually possible to decide with
fair certainty when a mechanical failure
occurs, the human factors are often
obscure. There is a tendency only to look
for a cause and for sufficient evidence to
show whether or not the pilot was to
blame byt if all the factors which led to
the accident are to be brought out a much
more thorough survey is necessary.”

Today, fifty years later, how far have we
come in advancing the analysis of human
factor errors in aircraft accidents/
incidents? What have we done on a world-
wide basis to establish a meaningful human
factor data base that can be used for
prevention of aviation losses? The answer
is very simply very little.

In the Canadian Forces, we have come a
long way towards reducing aircraft losses
(Fig. 1) through a very thorough causal
analysis system and this has translated into
further reductions in our minor incidents/

CANADIAN FORCES (RCAF)
AIRCRAFT ACCIDENT RATES
1954 TO 1991
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damages as well. But throughout this
evolution, the human factor error has
consistently contributed to more than 83%
of our losses. If we are to maintain this
low plateau of losses today and/or further
reduce our attrition, greater investment
must be made in reducing the human
factor errors. This cannot be done
without a more detailed investigation into
this area of concern and the development
of a very detailed human factor error data
bank. This data bank must necessarily
cover all aspects of the life sciences
(psychological, sociological, physiological)
etc.

Quality of life issues and stress play an
important role in our daily business. Is it
possible to objectively assess these
concerns? We all know stress affects us
but how can we assess its impact on
aircraft accidents? Is there a way of not
compromising confidential medical
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information in the formation of an
unclassified international or national
human factor error data base? This paper
is not intended to answer these questions
but to reintroduce the dimension of the
problem and the requirement for AGARD
and the International community to work
towards developing a human factor data
base that is accessible and available for
developing prevention programmes. As I
see it, another 50 years is too long to wait.

I would like to share with you a 10-year
analysis of human factor errors in the
Canadian Air Force and hopefully show
you where efforts should be concentrated
to reduce human error.

The first slide is a 10-year analysis of our
air accident cause factors (Fig. 2). Clearly,
close to 83% of our air accidents were
related to personnel failings. It could also
be argued perhaps that 50% of the
remaining items, such as materiel,
environment, undetermined, and FOD,
were personnel related. For example, did
the materiel fail because of human
engineering problems or design problems?
Did the foreign object damage (FOD) to
the engine come as a result of somebody
leaving a bolt or nut in the intake, or on
the ramp, or taxi area?

AIR ACCIDENT
CAUSE FACTORS
1982 - 1991

The next slide covers a 10-year analysis of
our ground accidents (Fig. 3); and
interestingly, close to 84% of the causes
were directly related to personnel errors.
Similar arguments as for the previous
slide can be made for personnel
involvement in the “other” areas described
on the slide.

GROUND ACCIDENT
CAUSE FACTORS
1982 - 1991

F

Next, I would like to review all our
ground and air occurrences that involved
personnel error over the previous 10
years and show where the major failings
occurred. Fig. 4 shows the four major
contributors: Flight Crew, Support
Personnel, Management and Supervisors.
Interestingly, management failings remain
fairly constant for both air and ground
occurrences, the other three vary
considerably. In the case of air
occurrences (Fig. 5), the flight crew
percentage is quite high, support personnel
second and management and supervision
still play a significant role. In the air, we
would expect the flight crew errors to be
high; obviously, because they are the ones
who are flying the aircraft and have the
greatest opportunity to make an error. In
the case of ground occurrences (Fig. 6), we
would expect support personnel to have

PERSOMNEL
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ENVIRONMENT 2.3X
MATEMIEL 10.5%
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the higher error rate as they are the ones PERSONNEL CAUSE FACTORS

most vulnerable and, the statistics support GROU;‘& zoic‘{m"”s
this. Although the overall supervisory
erTor (Fig. 4) was approximately 10%, it FUGKY CasY .8 SUPERVISION

represented only 6% of the personnel

error in air occurrences and close to 19%

in ground occurrences (i.e. 3 times ‘un-r .
greater).

PERSONNEL CAUSE FACTORS
AIR AND GROUND OCCURRENCES

1082 - 1991 srront Fens Fig. 6
TUGNT Caxv ax Let’s take a closer look at the 4 areas of
concern where personnel play a role in
uwamomeer 88x  contributing to accidents.

Management - (LCol and above)

Clearly management’s ability to
communicate effectively with those who
support them would appear to be a major
problem (44%) in air occurrences (Fig. 7).
Judgement and resources are equally
divided, however combined, they
represent close to 49% of the management
PERSONNEL CAUSE FACTORS problems. The majority of these involve
AIRl :GCZCURRBNCRS decisions on where money should be spent,
- 1991 whether or not resources should be made

available in a timely manner, as well as
P oy SUPERVINON X decisions that involve delaying
modifications to aircraft. Obviously, the
MANAGEMENT timeliness of decisions and provision of
resources play an important role.
SUPPORY PERS

In the case of ground occurrences, (Fig. 8)
there is even a greater management info/
Communication problem with the
technicians working on the aircraft (59%
vice 44%). Once again, lack of resources
Fig. s contribute significantly, however,
judgement error has dropped by 70%.
The show-stopper message to management
is that money and effort must be spent in
improving basic communication
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procedures, i.c. spend on the greatest Supervisor

problem area first especially when you

cannot provide the resources. When we take a look at the broad base
supervisory level from LCol to MCpl, it is
clear that inattention is a major failing. In

MANAGEMENT CAUSE FACTORS the case of the ground occurrences, (Fig. 9)
AIR OCCURRENCES inattention and judgement are major areas
1982 - 1991 of concern and like air operations, (Fig. 10)

carelessness and complacency combine to
represent close to 20% of the supervisory
error.

SUPERVISION CAUSE FACTORS
GROUND OCCURRENCES
1982 - 1991

MANAGEMENT CAUSE FACTORS
GROUND OCCURRENCES
1982 - 19901

S0/0NN

SUPERVISION CAUSE FACTORS

AIR OCCURRENCES
1982 - 1991

COMPLACENCY 8.1%
TR

) é
ENSOURCES NIDGRDIT 7.4%
Fig. 8
BATTENTION
Fig. 10

CARRLESIMESS 8.Y%
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Elight Crew

In analyzing flight crew error (the 38%
problem), it becomes abundantly clear that
inattention, technique and judgement are
major areas of error in air occurrences
(Fig. 11) and when we take a look at flight
crew cause factors in ground occurrences,
(Fig. 12) inattention is almost double,
judgement is increased, and technique is
reduced by more than 75%. Are people
bored by taxiing the aircraft? Or is the
task considered of such little importance
by flight crews that the attention afforded
is truly inappropriate for the tasking?

FLIGHT CREW CAUSE FACTORS
AIR OCCURRENCES

When we look at the support personnel
cause factors in air occurrences (Fig. 13),
inattention and technique are the major
contributors. When we look at the ground
occurrences (Fig. 14) , for the same group
of people, inattention, carelessness,
technique and judgement are high.

With respect to the overall number of
mishaps, both for on the ground and in the
air, close to 62% of the human error is
contributed by non-flight crew. This is
important to consider in developing
preventative measures; however one must
keep in mind that 80% of the big dollar
losses are associated with flight crew
error.

- 1991
1082 SUPPORT PERS CAUSE FACTORS
DIATTRMTION AIR OCCURRENCES
1982 - 1991
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In 1989, the Directorate of Flight Safety
CF completed an analysis of aircraft losses
in NATO (Fig. 15) and superimposed the
annual mean flight hours invested per pilot
Fig. 16). This study was restricted to
European based operations only, where
mission taskings and environmental
considerations were relatively neutral for
all air forces. As figure 16 shows, there
would appear to be a direct relationship
between training and attrition. The better
the investment in training, the lower the
attrition rate (make a minimum investment
now or pay larger sums later).

Notwithstanding this relationship, there
appears to be overwhelming pressure to
reduce training expenditures as part of the
current peace dividend. Therefore, it
makes even more sense today to try and
transfer some of the inevitable “training
savings” into human factor analysis and
monitoring to hopefully reduce the human
factor errors in aviation mishaps.

NATO AIR FORCES (EUROPE)
FIGHETER A/C CUMULATIVE ATTRITION RATES
1 JAN 87 TO 1 JAN 80

W0 4 08 Uy

fFig. 15

NATO AIR FORCES (EUROPE)
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Fig. 16

Human Factor Checklists

The Canadian Air Force developed a
human factor checklist for aircraft
accident investigation over forty years
ago. It has been the basis for the
development of similar programmes in
ICAO and a majority of NATO air forces.
Despite this focussed approach to human
factor errors, we have never created a
human factor data base and have,
therefore, compromised our ability to
objectively assess the “83% problem”.

The USAF has recently developed a
computerized life sciences human factor
accident investigation programme that will
establish an Aircrew Error Data Base for
air accidents only. The Transportation
Safety Board of Canada have also
developed a generic human factor data
base for civil occurrences in Canada and is
currently implementing the programme.
Nevertheless, these programmes may not
yet achieve the detail necessary to track
the sociological and psychological areas of
concern that we know play an important
role in our daily efficiency and alertness




which in turn impact directly on
inattention and complacency, two of the
major contributors to aviation losses.

Summary

Now that you have seen the statistics and
the major areas of human error, what and
where would you spend resources to
prevent mishaps? Clearly, inattention,
technique, communication, judgement,
carelessness and complacency are the
major failings. Where then do we have to
concentrate our efforts to reduce these
froblems? I believe we need more
emphasis on the sociology, (quality of life
issues) and the psychology side of our
business.

In my opinion, aviation psychology needs
more investment. Furthermore, we
cannot progress effectively in this area
unless an extensive human factor data base
is developed over the coming decades. A
human factor data base will allow for
meaningful and more objective assessment
by the decision makers and leaders.
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Major E.A. Brook
Directorate of Flight Safety, Canadian Forces
NDHQ Ottawa, Ontario, Canada K1A 0K2

blems in H Factor Data Collect

Human Factors are acknowledged as the
prime cause of accidents in the Canadian
Forces as well as in other military and
civilian flying worldwide. Although
human error accounts for over 80% of all
accidents our Directorate of Flight Safety
(DES) does not have a system in place that
can adequately manage Human Factors
information. A recent study of the
Canadian F-18 community concluded that
the current aircraft accident database is
not effective in facilitating remedial action
on Human Factors issues.

The Canadian Forces led in developing
detailed subordinate cause factors and
assigning them in place of the infamous
term "pilot error”. A finding of
judgement, technique or inattention,
however, does not fully explain the
circumstances leading up to an accident
nor lead to effective preventive action.
The final cause factor describes what
happened not why. Other components, for
which only soft evidence exists, such as
nutrition, fatigue, or stress are left
unrecorded. To study these problem areas
further one must re-examine the original
Boards of Inquiry or medical reports.
Essentially this means doing the
investigation twice. We clearly need to
collect Human Factors information in a
better and more meaningful way.

An abundance of personal information is
already collected during accident
investigations. Most of this is currently
non-retrieveable. Investigators use
checklists such as our "Human Factors




Guide for the Conduct of Aircraft
Accident Investigation” but generally no
standardized record of the data is kept.
The report often does not include the
answers to all questions, especially those
not considered relevant at the time. This
reveals a need to record systematically the
pertinent human characteristics of all
personnel causally involved in
occurrences. The record should be as
complete as possible even when some
information does not seem applicable to
that particular occurrence. For example
to refine our knowledge of how acute
fatigue may contribute to an accident it
would be useful to know the quantity and
quality of both rest and duty time for all
personnel who were causally involved in
similar occurrences. A similar case could
be made for experience measured in age,
and flying hours. Ideally the data should
be available from all aircrew, and not just
from those who were involved in
occurrences, in order for any predictions
or assessment of risk to be made.

A unified collection of Human Factors
data could be used to analyze human error
and perform meta-analyses of all
occurrence reports. Such a system is
essential to validate or refute associations
between factors like vision, tobacco use,
or fatigue and flight safety. Research
results could be made available quickly to
aid current investigations, and assist
development for new aircraft systems.

Criteria for a H E Datal

An effective Human Factors database
should possess the following properties.
Information need be entered only once, at
the place and time of occurrence.
Subsequently, it should be simple for

authorized personncl to validate and
correct these facts . Personal data
regarding individuals can be recorded
either in a narrative format or in tables
relating to checklist items with each
record linked to a particular occurrence
record in the main accident/ incident
database.

The system should be user-friendly and
easy to learn with minimal training.
There should be operator-defined layouts
for data entry and reporting. In Canada
we require a bilingual format for the basic
information. Access to the system and to
sensitive portions such as the Human
Factors area should be controlled by
passwords. Reports should be
automatically sterilized of privileged
information. Of course a reliable high
speed system with potential for expansion
is essential. The ability to use a Natural
Language Query system would be optimal
for searching records. Whatever the
format of a Human Factors database it
should be capable of exchanging useful
information with the systems of other
military and civilian air safety
organizations.

Privacy and confidentiality are always an
issue when dealing with sensitive personal
details. We prefer not to include classified
information so as to make it more readily
available. If the identity of individuals
remains hidden except from select
authorized users (such as Human Factors
specialists) then privacy concerns should
be minimal.

Desien of a Preliminary Dataf

Following an initial meeting held last
summer to address this topic in the
Canadian Forces a draft format for




recording data was designed. This was
revised and presented at our annual Flight
Safety conference in December 1991. A
two page form was introduced. The initial
section contained a cross-reference to the
occurrence and individual characteristics
such as medical category, duty times and
experience levels. The second section
included a list of 80 Human Factors which
were to be marked as present or absent.
When present their degree of contribution
to the accident could be ranked from zero
(non-contributory) to 3 (definitely causal).
Our intention is use this tool to collect
information from incidents as well as
accidents. There was a mixed reception to
this proposal for collecting Human Factors
data. Some participants felt that that
completing the Human Factors data form
would require too much time and effort.
We plan next to conduct a field trial to
determine the actual time requirements.

We recognize that any checklist approach
to categorizing Human Factors is
somewhat arbitrary and that the factors
selected will be of use only if there is
validity and consistency in their
assignment. A longer more
comprehensive list was thought by some to
be easier to understand and complete. The
length has to be weighed against the time
available, especially for an instrument that
will be used on a daily basis for minor
incidents. A glossary should be included
so that users know precisely what the
terms mean. Another limitation is that
any form such as this tends to be
completed subjectively by the informants
based on their personal knowledge of the
individuals concerned. Many operators
were also wary of the way that personal
information might be used. The issue of
privacy remains a major problem in
collecting Human Factors information.

4y

The perception that personal matters
divulged by an individual might be later
linked to themselves by name tends to
inhibit candid disclosure.

S ic Information S Plan

DFS is now developing a Strategic
Information Systems Plan to update our
accident/incident database. The conceptual
data model allows for the inclusion of
Human Factors information either as
defined fields or simply as a narrative of
up to 120 pages of text per entry. This
plan is still evolving and will be adapted
further following feedback from the flight
safety community. An alternative
approach might also be supported by this
infrastructure — that of a Confidential
Reporting System. With such a system
persons who report incidents are not
required to identify themselves or even the
aircraft type involved. The essential
element is the narrative — what happened
in the reporter’s own words. The formal
reporting system omits some reportable
incidents when no damage has occurred.
We know for example that physiological
problems like disorientation and G-LOC
are grossly underreported. Human factors
incidents reported through a separate
confidential, anonymous system could still
be recorded in our updated database as
descriptive narratives. This way they
would be available for analysis and the
lessons learned could be promoted by the
flight safety system in order to prevent
further occurrences.
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UNDERLYING CRUSES OF ACCIDENTS: CAUSAL NETWORKS

Ferdinand H.J.I.Rameckers

Bebavioural Sciences Department
Directorate of Personnel RNLAF
Postbox 20703, 2500 ES The Hague, NL

SUMMARY

This paper describes recent thinking about Accident
Causation Theory, accident investigation and accident
prevention. The central notion is that human error as
the primary cause of accident causation, prevales at all
levels in any complex organization and that accidents
are caused by a unique network of factors, generated not
only by unsafe acts of front-line operators, but also by
fallible management decisions and all kinds of (psycho-
logical) preconditions that exist in the operations
environment. New approaches aiming at possibilities of
proactive prevention are briefly touched.

INTRODUCTION

Since the beginning of aviation, increasing amounts of
human energy and financial resources have been invested
and are still being invested in the evidently ever
lasting endeavour of technical improvement of aircraft
and aircraft systems. Parallel with this development, a
decreasing contribution of purely technical causes of
aviation accidents and incidents can be observed. Alt-
hough the absolute number of accidents decreased drama-
tically during the first half century of aviatiom, it
seems to be increasingly difficult to further reduce
accident rates by more than just very marginal percenta-
ges. What concerns the aviation psychology and human
factors commnity more and more during the last decade,
is the resulting emergence of human error as the primary
factor in accident causation. It is important, however,
to realize that in modern thinking about accident causa-
tion more emphasis is laid on the notion that human
error is not the privilege of front-line operators, but
that it is also an equally salient feature of all humans
at all hierarchical levels of any complex organization.
Although more will be explained about this further on in
this paper, thinking about the prevalence of human error
throughout any organisation can best be illustrated by
quoting from Keason (1990):"...the more removed indivi-
duals are from...front-line activities, ...the greater
is their potential danger to the system."

ACCIDENT INVESTIGATION HISTORY

A quick overview of how aircraft accident investigation
developed until today, reveals the following. In the
early days a heavy emphasis was laid on the technical
investigation and only when the investigating team could
not find any plausible technical cause, it was concluded
that "pilot error" most probably had caused the acci-
dent. At best it was described in the accident repart
WHAT the mishap pilot had done wrong or WHAT critical
item he omitted thus causing the accident. It was not
before the end of the seventies that people in the
aviation organizations slowly began to realize that
prevention of accidents could only be possible after
having answered the all important question WHY the pilot
made that particular error or WHY he nmitted a critical
action. To answer this question, however, aviation
psychologists or human factor specialists were needed.
So human factor specialists began to play an increasing
role 1n accident investigation tesms, although this

development was and, to some extent, still is hesitant
in some types of organization.

RESULTS OF ACCIDENT INVESTIGATION

Till today, it is Standard Operating Procedure (SOP) to
wait till an accident happens, then investigate it and ,
if applicable, take remedial action in order to prevent
the same accident from bappening again. Necessarily this
is a purely reactive form of accident prevention. It is
also normal practice that, as a result of this kind of
post hoc investigations, new regulations are issued,
ancther warning is added, a procedure will be changed,
the supervision level is raised. Also new DO's and
DON'T's are formulated or a human-machine interface,
like for instance a cockpit lay-out, will be changed.
Although this is not bad practice, thinking about acci-
dent investigation and prevention could be challenged
by, again, quoting from Reason (1990):"...while it is
sensible to learn as many remedial lessons as possible
from past accidents, it must also be appreciated that
such events are usually caused by the unique conjunction
of several pecessary but singly insufficient factors.
Since the same mixture of causes is unlikely to recur,
efforts to prevent repetition of specific active errors
will have only limited impact on the safety of the
system as a whole."

CTIVE FATLURES

In quoting from Reason the concept of active errors,
also called active failures, was introduced. Figure 1
gives an overview of the most recent Accident Causation
Theory. A very important distinction should be made
between active and latent failures, Active failures or
unsafe acts are actions or omissions on the part of the
front-line operator (pilot, navigator, airtraffic con~
troller etc.) that directly have their inadvertent
effects on the sequence of events during actual operati-
ons and that in most cases are the direct csuses of
accidents. Examples of categories of unsafe acts are:

o Attentional failures like intrusions, omissions,
reversals, misorderings and mistimings.

e Memory failures like omitting planned items, place-~
losing and forgetting intentions.

e Failures like misdiagnosis, misperception of hazards,
corner cutting etc.

LATENT FAILURES

On the other hand (figure 1), latent failures constitute
potential conditions for accident opportunities, but
they may stay "underground" for, sometimes, long periods
of time, until one day they become evident in combinati-
on with other causal factors. An unsafe act is always
the last element in a chain that starts with latent
failures. Furthermore all complex systems have defences,
normally built up during the life of the organization as
it learnt from previous accidents and incidents. But
time and again there always turns out to be a hole in
these defences, called a limited window of accident
opportunity.




5-2

FALLIBLE DECISIONS

Designers and decision makers at the high-level manage-
ment create fallible decisions. It is not necessarily a
question of incompetence or carelessness, but in most
cases it is the result of the forced allocation of
limited resources to making a product (for instance air
transportation in civil airlines or air superiority in
the air force organizations) as well as to safety. If
you spend more on production, you bave less to invest in
safety and vice versa.

LINE MANAGEMENT DEFICTENCIES

Purtherwore fallible decisions on the highest wanagement
level can cause deficiencies in the line management. It
depends on the quality of the line management whether
fallible decisions of the higher level will be ampli-
fied, mitigated or almost nullified. However, deficien-
cies can also find their origin in the line management
level. Till now eleven different failure types are
distinguished in the literature (Wagenaar, Hudson &
Reason, 1990):

Hardware defects

Design failures
Missing defences
Negligent housekeeping
Error enforcing conditions
Poor procedures
Training deficiencies
Organizational failures
Incompatible goals

Lack of commmication
Poor maintenance

BSYCHOLOGICAL PRECURSORS OF URSAFE ACTS

Psychological precursors or preconditions (figure 1) are
the potential sources of a wide variety of unsafe acts
ar active failures. Whether certain acts will lead to an
accident, depends on the complex interactions between
the task to be performed at any given moment, the parti-
cular dynamic enviromment in which the task has to be
performed and the and hazards that are present
during that particular period of time. Depending on the
typical conditions of any given moment during performan-
ce of the task, each psychological precursor can lead to
a large number of active failures. Some examples of
psychological precursors are:

Inattention

Undue baste

Stress

High workload situation
Insufficient cues
Competing demands
Ignorance

Complacency

Poor motivation

Etc.

Thus, starting with fallible decisions the network of
causes branches more and more while we proceed through
the line management deficiencies and the psychological
precursors to the unsafe acts by the fromt-line opera-
tors. Again, Reason (1990) is rather straightforward in
judging unsafe acts by front-line operators:'Rather then
being the main instigators of an accident, operators
tend to be the inheritors of system defects created by
poor design, incorrect installation, faulty msintenance
and bad management decisiuns. Their part is usually that
of adding the final garnish to a lethal brew whose
ingredients have already been long in tbe cooking.”

Figure 2 depicts how the dynamics of accident causation
come to 1ife. It can be seen that a complex combination
of latent and active failures is necessary for the
trajectory of accident opportunity to find a hole in
each and every plane and in all the defence layers. It
is easy to understand why the chance that a particular
active error will lead to disaster, is very small.

IMPOSSIBLE ACCIDENTS

One more thing should be mentioned about accident inves-
tigation and prevention. Research has shown that acci-
dents appear to be the result of highly complex coinci-
dences which could rarely be foreseen by the people
involved in the accident. The unpredictability is caused
by the large number of causes and by the spread of the
information over the participants. Accidents do not
occur because people gamble and lose (although this also
happens sometimes), they occur because people do not
believe that the accident that is about to occur is at
all possible. This “impossible accident" concept stems
from Wagenaar and Groepeweg (1987) and, although the
research that brought them to this conclusion was based
on the analysis of accidents at sea, it can easily be
generaralized to the aviation envirooment.

This notion together with the stochastic character of
the many-to-many mappings of general failure types,
psychological precursors and unsafe acts reveals, as
Reason has put it, the futility of focusing the remedial
efforts upon preventing the recurrence of specific
unsafe acts. Although certain of these acts may fall
into an easily recognizable subclass and so be amenable
to targeted safety programmes and training, most of
these acts are unforeseeable, sometimes even guite
bizarre.

HINDSIGHT BIAS

An additional problem is that the team that has investi-
gated an accident knows how the sequence of events was
going to turn cut, whereas the participants in the
accident did not. This is a very significant psychologi-
cal difference and research has shown that the outcame
knowledge has a tremendous influence on the way all the
events that led to that outcome, are evaluated. This so
called hindsight bias unwittingly leads to misjudgment
of what the players in the accident drama should have
anticipated in foresight and to overestimation on the
part of the investigators as to what they would bhave
known had they not possessed knowledge of the outcome.

NEW_APPROMCHES

What should be done now that the old, trusted way of
accident investigation and prevention seems to be a
strong~but-(partially)wrong believe in solving the
problem? Figure 3 encompasses all the elements of the
Accident Causation Theory. Beside the already familiar
concepts of latent failures (fallible decisions and line
management deficiencies, combining into general failure
types) and psychoiogical precursors as well as active
failures (unsafe acts) and system defences, several
feedback loops can be seen here. Loop 1 represents the
flow of (retrospective) safety information as is convey-
ed by accident reports etc. This is , as we have seen,
the normal way we deal with safety; the events we would
like to eliminate have already occurred. The loops 2, 3
and 4 seem more in preventing accidents becau-
se they give information before the accident will actu-
ally happen.

At the University of Leiden (The Netberlands) the wor-
king group “Safety" of the Pgychological Faculty has
designed a method of analysing geperal failure types.
The result of this apalysis is a s0 called Failure State

e



Profile (FSP), which gives indications as to which
general failure types are prevalent in a given organiza
tion. A basic feature of this approach is the search for
(observable) indicators of the different gemeral failure
types. The first phase in the procedure is analysis of a
number of accidents and incidents that happened in that
particular organization. Of each and every event a
causal petwork is described, which is a very labaorious
task. When the “tree" is finished, the different events
can be attributed to the eleven general failure types.
The ultimate goal is to design guestionnaires which can
be completed by people at all levels in the orgamizati-
on. Thus on a regular basis FSP's can be composed which
give insight into the health conditions of the organiza-
tion. This approach, called TRIPOD, is rather new. It
has been implemented in desert drilling operations and
on North Sea Platforms, but it has not yet been applied
in the field of aviation. It looks, however, very promi-
sing and a research project to evaluate the method for
application ip aviation (in the Royal Netherlands Air
Force) just started. Also in the RNLAF a system, called
KIRROR, will be introduced on an experimental basis that
menitors the risk state of an operational fighter squa-
dron. The target is to give the commander
feedback information about the safety status of his
squadron and thus ap opportunity for proactive preventi-
ve measures. Hopefully positive results can be published
in the near future.
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AIDE A L’ENQUETE PAR FIGURATION ANIMEE

Jean COUREAU
Directeur de la Sécurité des Vols
DASSAULT AVIATION
13800 - ISTRES
France

1 - SOMMAIRE

L'enquéte sur les causes d'un accident est une
démarche de plus en plus difficile car les facteurs
humains deviennent largement prédominants avec plus
de 75 % des cas et chacun sait qu’ils sont délicats a
interpréter. De plus le matériel comportant de plus en
plus d’électronique et de logiciels, les traces physiques
sont souvent inexistantes, hors les paramétres enregistrés
sur "crash recorder" et CVR.

Lors de Panalyse des listings ou tracés, on interpréte
facilement les paramétres indépendants ou peu corrélés :
régime et température moteur par exemple. Par contre,
les paramétres évoluant rapidement et corrélés 2
plusieurs sont d’une approche laborieuse : répoase d’un
avion 2 des sollicitations longitudinales et transversales
combinées par exemple.

Un logiciel permettant la présentation sur une
console graphique des paramétres enregistrés comme les
voit le pilote et animés en temps réel a €té réalisée sur la
base d’essais de DASSAULT AVIATION 2 Istres. Le
résultat satisfait tous les espoirs : il est possible de
visionner le vol 3 la cadence normale, au ralenti, en
accéléré, ou d’arréter sur une image. La planche de bord
est analogue 2 celle de 'avion, la manette et le manche
bougent comme les vrais. L’horizon du paysage donne
une information paravisuelic des mouvements de Pavion.

Les enquéteurs “sentent” récllement la fagon dont le
pilote a réagi aux mouvements de l'avion ou aux
événements qui survenaient : signes d’inattention, de
nervosité ou méme changement de pilote aux
commandes sur un biplace.

Dans une autre présentation, une maquettc vuc de
Pextéricur reproduit les mouvements de lavion pour
Panalyse des évolutions complexes : vrilles, décrochages,

etc...

Enfin des tracés, avec ou sans zoom, donnent
Pévolution des paramétres désirés en analogique, comme
sur papier, mais avec plus de souplesse d’emploi.

Un film vidéo présentant quelques cas de vol typiques
est destiné a faire ressortir les avantages de ce genre
d’animation.

Description des opérations d’acquisition des données
d’un avion militaire.

Organigramme du logiciel de présentation sur console
graphique.

2 - IMPORTANCE DES FACTEURS HUMAINS.

Les statistiques montrent une diminution importante
du nombre d’accidents aériens, principalement dans le
transport civil. Clest la partiec due aux incidents
mécaniques qui est réduite de fagon assez spectaculaire.
Par contre les problémes liés aux facteurs humains ne
montrent pas une tendance aussi marquée, d’od une
montée relative dans les pourcentages.

Suivant les auteurs les facteurs humains constituent 70
A 75 % des causes d’accident.

On reldve un pourcentage plus faibles sur avions
militaires, avions de combat monoplaces en particulier,
car les causes dues 2 l'environnement, aux déficiences
mécaniques ... sont plus fréquentes.

Dans cette catégorie, le pourcentage d’accidents dus
aux facteurs humains se situe dans la tranche 45 - 60 %.
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3 - DIFFICULTE D’INTERPRETATION.

La déficience mécanique peut étre cernée lors d’une
enquéte minuticuse ; des exemples récents ont montré la
précision étonnante des conclusions tirées lors
d’accidents comme le DC10 d’Ermenonville, le B 747 de
Lockerbie, le DC 10 d’UTA au Tchad.

Par contre Perreur humaine est plus difficile a
invoquer dans de nombreux cas, car si Péquipage ne
survit pas 2 Paccident, les explications sont généralement
inaccessibles. On constate une suite d’événements mais le
fil conducteur n’est pas évident. Il faut  enquéteur une
trés bonne comnaissance des conditions d’emploi de
Pappareil pour qu'il puisse s'imaginer A la place Ce
Péquipage et tdcher de faire coincider ses propres
réactions avec celles que révilent les enregistrements.
Toutes les interventions extéricures sont 2 envisager pour
expliquer (le ou) les disfonctionnements humains.

Il est donc important de sentir avec la meilleure
précision la fagon dont les actions ont été menées, ce qui
est quasiment impossible A 1a lecture des listings et reste
difficile 2 'examen de graphes.

4 - LA REPRESENTATION IMAGEE DES
PARAMETRES.

a - La planche de bord reconstituée.

Pour faciliter la tiche de Penquéteur et lui présenter
I'exploitation des paramétres du crash recorder de la
fagon la plus parlante pour lui, nous avons réalisé sur la
Base d’Essais DASSAULT AVIATION A Istres un
logiciel permettant de présenter sur unc console
graphique une reconstitution du cockpit de I'avion (fig.
1).

Tous les paramétres existants sont représentés sur
leurs indicateurs habituels : assicttes et caps sur unc
boule, régime et T4 sur des instruments moteur, le temps
sur la montre classique. Des indicateurs supplémentaires
synthétisent d’autres informations, en particulier les
mouvements du manche sont figurés par une pastille se
déplagant dans un rectangle comme la téte du manche
entre ses butées. La position neutre est repérée par deux
alidades. De méme le repere de la manctte des gaz se
déplace dans un curseur gradué de Stop & PC maxi en
passant par ralenti et PG sec.

Les témoins de fonctionnement et alarmes sont
disposés comme sur 'avion réel et ’allument de la méme
facon.

Pour le réalisme, une vue extérieure avec horizon
"naturel” reproduit ce que verrait le pilote en conditions
VFR. Le paysage se résume 3 une texture verte pour le
sol et bleue pour le ciel.

Sur cette surface claire peuvent s'inscrire, A la
demande, les valeurs des différents paramétres
exprimées en unités physiques et identifiées en toutes
lettres, ainsi que la transcription sans ambiguité des
différents états des systémes : train rentré ou sorti, pilote
automatique en service, enclenché ou connecté, etc ...

b - La maquette dans Pespace.

La vue extérieure d’une maquette de 'avion permet
de représenter ses attitudes et son cap pour un
observateur situé au sud de la maquette, au méme niveau
et & distance constante (fig. 2).

Les assiettcs, le cap, la vitesse et Pincidence sont
inscrits en numérique en haut de Pécran.

Les paramétres en chiffres peuvent étre appelés
comme dans la présentation cockpit, en blanc sur fond
noir.

¢ - Les tracés :

11 ne faut pas nier leur utilité ! Le synchronisme de
deux événements peut s’observer bien sfir au passage, sur
deux cadrans différents, s’ils sont proches. Mais il est plus
agréable de le vérifier sur deux tracés en fonction du
temps que Pon appelle sur cette troisitme présentation
avec possibilité de zoom sur Péchelle de temps (Fig. 3).

d - L'animation en temps réel.

La possibilité d’animer cette planche de bord en
temps_récl est Pavantage déterminant de cette
représentation. La nervosité éventuelle du pilote apparait
clairement au travers des mouvements de manche et
manette. Les mouvements de [Pavion s'analysent
beaucoup plus aisément qu'a l'examen des tracés
représentant les assiettes ou les positions de gouverne.

La corrélation mouvements de manche, évolutions
de 'avion est parfaitement accessible au pilote enquéteur
qui connait 'avion. Il peut apprécier 3 tout moment la
situation de P'avion dans I'espace, I'énergie disponible, la
nécessité ou non de modifier la poussée, ou bien le
facteur de charge : sur un biplace, il peut ainsi
déterminer qui pilote, de I’éleve ou de linstructeur.

Tout cela lui est accessible car il se sent dans 'avion,
il est pratiquement en vol.




.

¢ - Le ralenti ou P'accéléré, Parrét sur image.

Une fois acquise en temps réel la séquence complete
de vol et les actions pilote associées, il peut étre
intéressant de détailler ce qui s’est passé 2 un moment
précis, un événement fugitif noyé dans une phase trés
agitée.

Il suffit de choisir la touche “ralenti” ou d’arrét sur
une image, comme sur un magnétoscope moderne.

Le défilement accéléré, si pratique pour retrouver
une séquence particuliere est également disponible sans
aucune "griffure” des images.

De plus, il est possible de débuter une "lecture” ou de
la reprendre 2 un instant précis que Pon affiche par le
clavier. Les données étant en mémoire vive, laction
démarre instantanément.

f - Le film vidéo : instruction et prévention.

A condition d’employer pour la prise de vuec un
matériel vidéo professionnel qui peut se synchroniser sur
la fréquence de balayage du tube cathodique, il est facile
d’enregistrer les images de la console quelle que soit la
vitesse de reproduction choisie et de faire ainsi tres
facilement le montage d’un film vidéo, aux fins de
démonstration ou d’instruction.

Cette facilité est employée maintenant chaque fois
qu’un accident ou un incident se produit.

La présentation du film participe de fagon trds
efficace 3 la prévention, qui est, comme chacun le sait, le
but recherché par tous les organismes de Sécurité des
Vols.

Le film qui va étre présenté maintenant est une bonne
démonstration de toutes ces possibilités.

Le vol dont il est tiré est une séance d’entrainement
de voltige 2 basse altitude sur MIRAGE 2000 en vue de
la Présentation du Bourget.

Deux planches de tracés, des parametres de vol
classiques, coloriés pour en faciliter la lecture, sont
présentés avant le film. Le spectateur appréciera micux
ainsi l'aide qu'apporte 'emploi de la console graphique
(Fig. 4 et 5).
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5 - LACQUISITION DES DONNEES.

Nous nous limiterons a Pexamen du systéme
actuellement en service sur les avions militaires.

A bord de I'avion, un boitier réalise "acquisition des
divers parameétres choisis et envoie un message série 2
Penregistreur magnétique qui se trouve dans une
enceinte spéciale destinée A le protéger des chocs d’un
crash et méme du feu s'il ne durc pas trop longtemps.
Actucllement la bande magnétique est progressivement
remplacée par des mémoires statiques dont la
sauvegarde est assurée par des piles. Elles sont protégées
de la méme facon.

L’exploitation de ces enregistrements débute par une
décommutation des paramétres qui sont ensuite
comparés a leur étalonnage, traduits en unités physiques
puis mis en forme pour étre stockés sous forme de
fichiers sur le disque dur de la console graphique (Fig. n°
6).

6 - LE LOGICIEL ; 'ORGANIGRAMME.

Lorsqu’un utilisateur désire analyser un vol, le fichier
correspondant est chargé en mémoire vive ; les images de
fond, planche de bord, cadrans sont également mises en
mémoire de visualisation.

Suivant les choix effectués, type d’avion, présentation
désirée, cadence, etc .. le logiciel anime I'image désirée
suivant 'organigramme présenté 2 la figure 7.

7 - LEVOLUTION.

L'animation du cockpit par les paramétres de
Penregistreur de crash a pour premier objectif
Pamélioration des moyens d’analyse des accidents ou
incidents.

Cependant, au dela de cette restitution du vol, il est
souhaitable d’étendre la collecte des données 2 celles qui
intéressent la mission opérationnelle, permettant #insi de
rejouer ces missions aux fins d’instruction ou de conurdle.
Ceci suppose [lutilisation d'un autre support
d’enregistrement non protégé mais plus performant et le
développement de nouveaux logiciels de présentation des
résultats, avec des spécialisations évidentes : combat
aérien 3 plusicurs avions, tir de missiles 3 moyenne ou
grande portée ou contrdle d’une mission de pénétration
en suivi de terrain,
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8 - CONCLUSION.

La réalisation et la mise au point de ce dispositif ont
€té menées A bien grice A une petite équipe de
spécialistes unissant leurs connaissances et portés par un
réel enthousiasme dans la recherche de la présentation.
Partant d’un projet un peu vague ils I'ont transformé en
un outil de grande cfficacité, trds bien adapté 2
I'utilisation par des pilotes. Merci aux informaticiens qui
ont un tel "sens de Pair".
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ASSESSMENT OF MORALE IN TURKISH AIR FORCE PILOTS
WITH TWO CLINICAL PSYCHOLOGICAL TESTS

Dr Muzafter CETINGUC, Prof. Dr. Sait DEGER, Dr O. YALUG

Aerospace Medical Centre
Eskisehir

SUMMARY

In popular understanding good morale is equal to
the perception of well being, lack of distress and
absence of anxiety and depression. Actually the
term morale is related to anxicty and depression.
The rational of this survey is 10 assess numerically
stress levels by using anxiety and depression
SCOres.

345 active duty Turkish Air Force (TuAF) pilots
and 70 non-flying air force officers as control
group, have been taken into this study. "State Trait
Personality Inventory” (STPI-Spielberger) and
"Zung Depression Scale” (ZDS) were applied to
both groups in 1988.

As an unexpected result. the flyer group has
reflected lower scores than the non-flyers.
Ditferent explanations are available but they are
most likely to be related 1o high motivation and
job satistaction as well as ego strengths of flyers.
These factors can elevate the ability to cope with
stressful conditions.

It is well known that individuals, who have a
stcady interest and passion to tly, perceive the
risks of flying as relatively low because of their
high motivation. But it is very hard to preserve
this motivation without disruption for a long time
because fliers are subject to the same lite stressors
as everyone else. Pilots work on “slippery
ground”. eventhough they may be perceived by
other to be immune from distress. fear and
worries. This perception can be present even in
personnel who are responsible for taking care of
fliers.

Even the most resistant individuals have a
"breaking point" when confronted with
overwhelming stress conditions. [t may be delayed.
but may not be prevented. The only variable is the
threshold. and any threshold may be reached given
the right recipe of factors. External, internal or
some combination of stressors may lead to the
breaking point or insufficiency in individuals.

It is suggested the term "emotional disturbances”
rather than "psychiatric disorders” should be used
for these cases (1). Hidden or obvious pilot
insufficiencies or emotional disturbances may
contribute to either aircraft accidents or a pilot’s
disqualification.

Experienced pilots cost so much money to train
that their disqualification is not economical. In the
event of an accident, pilot and aircraft losses are
described as a horrible nightmare in aviation. Poor
stress coping and cumulative stress load are two
important reasons for aircraft accidents (9).
Therefore, the kinds of stress factors that affect the
fliers or "what happens under the helmet”, need to
be monitored from time to time.

In fact, fliers are routinely examined
psychiatrically once a year, and if necessary may
be referred for re-examination. Also flight
surgeons check them again every flight day. When
they have a problem, they are prohibited from
flying, even if they have a desire to fly. On the
other hand. if they desire not to fly, regardless of
their health, it is accepted by the administration
because of its respect for the psychological and
physical welfare of pilots. No other occupation is
subject to such rigorous health checks as those
given to pilots. Even so, the occurrence of stress-
related  accidents demonstrates that these
multidimensional control mechanisms can fail at
times.

RATIONAL AND METHOD

When discussing aviator stresses, there are
different viewpoints among people who are
involved in this field. De-emphasizing or over-
emphasizing, false or true analyzing efforts and
problem solving proposals may occur. The normal
level or risk taking or stress load in certain flying
activities is undetermined. Also the standard stress
scores for certain types of aircraft and tasks are
unknown.
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Norms miay vary from person to person. Specific
issues can be evaluated by open-ended questions
in a questionnaire. These kind of survey results are
generally particular and individualistic. Also every
questionnaire is not perfect, because building a
questionnaire requires experience and multiple
factors may make them unreliable.

In addition, "stress” and "morale” can be elusive
concept to measure (9). In the literature stress is
qualified as “loosely correlated with anxiety...
furthermore dcpressive iliness is a common
reaction to stress (3). "stress has been linked 1o a
wide variety of psychological symptoms including
depression..."(5). These concepts of stress leading
to anxiety and depressive symptoms support the
use of standardized symptom-related rating scales
such as: Raskin-Covi Diagnostic Scale. Hamilton
Depression/Anxiety Rating Scale (10).

In general understanding anxiety and depression
words (concepts) are not obvious rather than term
morale. On the other hand morale presents a
concept that is difficult to explain but it contains
within it the willingness to confront adversity with
tenacity. zeal, optimism and stamina (2). It can be
said that a high stress load leads to poor morale.
But how can high stress levels be measured
especially numerically so that comparison with
other groups. or changes over time can identified?
The Holimes and Rahe Life Change Unit
assessment scale is not useful in this kind of
survey, rather anxiety and depression scales may
help to more effectively determine flier's stress
and morale levels.

Consequently the Zung Depression Scale (ZDS)
and the Spielberger's Statc Trait Personality
Inventory (STPI) are accepted for administration to
pilots, in order to evaluate depression and anxicty
levels. The results are interpreted as indicators of
morale and distress levels.

Turkish Air Force pilots are referred to the
Acromedical Center (Eskischir. Turkey). for
routine examination once a yecar. In 1988, ZDS
and STPI were applied to 345 pilots revealed no
organic and psychologic complaints who passed
their physical examination. These pilot group's
score are compartmentalized in accordance with
their bases and squadrons, so that they can be
compared in terms of stress levels. The sanie tests
were given to 70 non-flying Air Force oflicers as
a control group. This group also was healthy and
had similar ranks and ages.

These self report inventories contain 20 questions
each and scores are compared by the "student
test”. ‘

RESULTS

STPI scores standardized for the Turkish
community, equal 38,1 in people without disease,
39,7 in those with physical diseases and 55 in
those with psychiatric diseases (7). The scoring
range for the ZDS follows gradually increasing
symptoms of depression from 50 to 100. Less than
50 scores mean normal or lack of significant
depression.

Table I shows both Air Force fliers and non-fliers
are nomal in terms of depression symptoms. In
addition, anxiety scores are not high. Fliers are
within the normal range, and non-fliers are a little
bit higher than standard scores. When comparing
the differences between the two groups’scores.
When comparing the differences between the two
groups’scores, the results were found to be
statistically significant (p<0,01).

DISCUSSION

Non-fliers’living conditions seem more quiet, more
steady and less risky; so one would have expected
their scores to reflect less stress, except for
random individual problems.

There is a significant elevation in the scores of
non-fliers. both in depression and anxiety levels.
This suggests that fliers are relatively happier,
have better morale and feel less distress in spite of
the risky nature of their occupation.

Possible reasons follow:

l. While pilot personality characteristics have
been categorized and thought to be
somewhat homogenous, a non-flier
population against whom to compare data
is more difficult to describe. However, this
non-flyer group was little different.
Almost all 70 people initially had
graduated from Air Force College and had
attended Undergraduate Pilot Training
(UPT) school together with the flier
group, as pilot candidates. But they werc
climinated in either the medical
examination phase or in the flight training
phase and then assigned to non-flying
duties.
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In the beginning, their personality
characteristics were likely to be close
enough for comparison.

Over a period of time, flying duties and
other military duties may create different
traits in people. The non-flyer group may
also have eliminated from training due to
deficiencies in ability and/or lower stress
tolerance levels than successtul pilot
candidates. Their test scores may then
reflect this difference.

Fliers are generally more resistant to flight
environment Stressors; coping repertoires
are larger. and ability 10 overcome
difficulties is greater. Flight activity looks
like a sophisticated play that enables them
to exhibit skill, bravery and masculinity. It
may serve oedipal fantasies or allow
sublimation of aggressive urges,
compensate inferiority and counterphobic
traits, etc. Flight motivation may be
related to a few known (perhaps more
unknown) factors: namely joy. mastery,
power, freedom., control of the
environment (in order to overcome and
control anxiety). obtain career goals and
prestige (4.6.8).

Generally fliers are proud of their
profession. People respect them because of
their skilis. Special flight clothes, symbols,
patches. extra flight pay, promotion
probabilities. adventurous lifestyle.. all of
these factors may make a flicr more
satisfied with this job.

Thus. fliers may overcome or deny some
hardships more readily than non-flicrs.
This is likely to be rclated to their ego-
strengths, job satisfaction, and level of
motivation. These factors are crucial in
enhancing morale, especially the last two.

The main reason for this investigation was
to clarify fliers’ morale and subjective
stress level with a took that allowed
numerical scores. These scores  also
allowed comparison to other groups.
specifically a group of Air Force officers.
While this DATA is valuable, this can
only be scen as the first trail of a
continued evaluations of "normal” pilots
to better understand fluctuations of stress
levels in "routine” flying operations.
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Further research may focus on specific
"problem areas” identified in subsequent
studies. The benefits of continued
documentations of stress in aviators, lies
in the application of preventive measures
by active squadrons to enhance mission
safety and flight performance.
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TABLE 1. STATE TRAIT PERSONALITY
INVENTORY (STPI) AND ZUNG DEPRESSION
SCALE (ZDS) SCORES OF TURKISH AIR
FORCE FLIERS AND NON-FLIERS

n SCORES ZDS

Air Force 345 35.52 40.05
Flier

Air Force

Non-Flier 70 38.41* 44.77*

* (p<0.01)
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737-400 at Kegworth, 8 January 1989 - The AAIB Investigation

R. D. G. Carter
Air Accidents Investigation Branch (AAIB), Dept. of Transport,
RAE/DRA Farnborough, Hampshire GU14 6TD, UK

SUMMARY

A Boeing 737-400, jet transport aircraft, G-OBME,
carrying 8 crew and 118 passengers, crashed near
Kegworth, Leicestershire, on 8th January 1989. Of the 126
occupants, 47 died as a result of the accident and a further
74 suffered serious injury. This paper describes the
structures and survivability investigations conducted into
this accident by the Air Accidents Investigation Branch
(AAIB) of the UK Department of Transport and reproduces
the 11 AAIB Safety Recommendations (out of a total of 31
in the final Report) concerning crashworthiness and
survivability.

This paper also describes the study performed for this
investigation by the Cranfield Impact Centre, using the
KRASH computer code to quantify impact pulses. The
results of the KRASH work supported the AAIB
recommendations in the G-OBME report and form the
background to a programme at the Cranfield Impact Centre
1o facilitate the use of impact computer codes in aircraft
accident investigations.

BACKGROUND

The increasing emphasis on 'survivability’ in accident
investigation contrasts with the days when the
.vestigators concentrated almost entirely on the
prevention of recurrence of the accident itself. For
instance, there was & civil C47A Dakota crash in Kent in
1947 in which 8 of the 16 occupants sustained fatal injuries
but the comprehensive UK AIB sccident report contained
just the simple statement that; "The passengers’ seats had
tom away &t the floor anchorages. The safety belts were
found still fastened and were probably being womn at the
time of the crash” and made no further comment on what we
would now regard as being a largely survivable impact!

For AAIB, survivability and evacuation investigations
have centred in 3 areas: evacuation and survival at sea after
helicopter ditchings; survival in the harsh decelerations of
accident impects; and survival and evacuation around
aircraft fires. AAIB conducted an intensive investigation
o the survivability at the accident to Boeing 737-236,
G-BGIJL, st Manchester on 22 August 1985 (ref. 1), where
there was fire but no crash pulse, and the investigation into
G-OBME forms the comresponding case of the crash pulse
without but no significant post-crash fire. In considering
the lessons of both accidents it is crucial o remember the
number of accidents involving both impect and fire.

ACCIDENT TO G-OBME NEAR KEGWORTH
G-OBME was 2 737 Series 400 aircraft and was making a
single-engine spproach into East Midlands Airport
following & fan bisde failure within the No. 1 engine in
flight and the subsequent shut-down by the crew of the No.
2 engine. About 2.4 nsutical miles from the runway the fan
of the No. 1 engine began 10 break up and, with the crew

unable to restart the No. 2 engine, the aircraft sank below
the glideslope.

The aircraft’s first impact was in a level field adjacent to the
eastern embankment of the M1 motorway: it then suffered
a severe impact on the western carriageway and on the
western embankment of the motorway. Of the 126
occupants, 47 died as a result of the accident and a further
74 suffered serious injury (figure 1).

ORGANIZATION

When the AAIB investigation started, the author was asked
to lead the structures group of the investigation and Dr
Anton (of the RAF's Institute of Aviation Medicine) to lead
the AAIB survivability investigation. The nature of this
accident was such that these two threads of the
investigation were very closely woven, linking, for
instance, aircraft damage to the Injury Severity Scores (ISS)
of the occupants.

A group of leading medical consultants independently
formed themselves into the NLDB (Nottingham, Leicester,
Derby, Belfast) study group. These doctors were drawn
from the hospitals which received patients from the
accident and the group was led by Professor Wallace of the
University Hospital, Nottingham. Although the study
group worked independently of AAIB, the sharing of a large
amount of factual information was very beneficial to both
investigations. The NLDB group published their own
report as well as several individual medical papers, with
some of their work based on a study commissioned by the
group using the crash victim simulation program
MADYMO.

The accident also caused considerable interest in the United
States and a study group from NTSB, FAA, Boeing and the
seat manufacturers participated in the AAIB investigation.
This interest was generated by this being one of the first
accidents to have occurred to a jet transport equipped with
seats designed around the requirements of FAR Amendment
25-64: the so-called '16g dynamic test’ requirements.

OBJECTIVES
The initial objectives of the structures and survivability
portions of the AAIB investigation were:

i)  to determine the impact sequence and to
quantify the deceleration pulses,

iil) w0 determine the extent and sequence of the
sircraft structural damage,

iii) 10 determine the extent and sequence of the
structural damage to the occupant seating and
other furnishings,

iv) 10 determine the extent and nature of occupant
injuries and

v) o relate these to the cabin environment.
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IMPACT STUDY (KRASH)

As part of the structures and survivability aspects of the
investigation, it was decided to attempt & computer-based
modelling of the ground impact dynamics of G-OBME. The
primary objective was to refine the deceleration levels at
the cabin floor throughout the impact sequence. Secondary
objectives were to determine the efficacy of such a
computer-based model and whether such a study could
achieve useful results within the time-scale of the overall
sccident investigation.

The two broad groups of computer programs available for
impact dynamics may be classified as:

i)  ‘full finite element programs, which model a
vehicle structure in detail, using only
geometric and material-properties input data.

il)  ‘hybrid' programs, which use a simpler library
of structural elements for the model and
incorporate some test-derived data for the
collapse properties of key members within the
structure.

KRASH is a hybrid program and has been developed
specifically for the analysis of aircraft impact problems.
Because of its simpler modelling, and the availability of
full-scale test data from previous FAA full-scale impact
tests, the KRASH program was selected and Cranfield
Impact Centre was commissioned to perform the study
(reference 2).

CONFIGURATION (figure 2)

For crew seating, the cockpit was configured with
conventional pilots’ seats, positioned on floor-mounted
tracks and equipped with 5-point harnesses. The aircraft
had seating for 5 cabin attendants, arranged as 2 double
seats and 1 single seat, all of which were aft-facing. Both
double seats were mounted on the left-hand side of the
aircraft, one just forward of the forward/left passenger door
and the other just forward of the rear/left passenger door.
The single attendant seat was mounted just forward of the
rear/right passenger door.

At the time of the accident, G-OBME was configured with
156 passenger seats in a single class cabin with a total of
26 rows of pairs of triple seats, all built by Weber Aircraft
(figure 3). The seat pitch ranged from a maximum of 38
inches, for the 2 seat rows (12 and 14) next 1o the overwing
emergency exits, to a minimum of 30 inches for row 27L.
The remainirg seat pitches were either 31 or 32 inches.
This type of seat had been approved to TSO-C39a (the
static requirements for existing aircraft type certifications)
and had, in addition, been subjected to some dynamic
testing on the FAA's Civil Aeromedical Institute (CAMI)
track around the requirements of FAR Part 25 Amendment
25-64 (the ‘dynamic’ requirements).

The aircraft was equipped with a total of 30 overhead
stowage bins in the passenger compartment. Of these, 26
were of 60 inch length and fully available for passenger
and partly used for cabin safety equipment (figure 4).

IMPACT SEQUENCE

The first ground contact was made just short of the M1
eastern embankment (figure 5), with the main landing gears
touching almost simultaneously with the tail. At first

impact the aircraft’s attitude was approximately 13° nose

up, with about 4° of right roll and 4.5° of left yaw. The

actual impact velocities had 10 be extrapolated from the

final Flight Data Recorder (FDR) readings because of the

use of volatile memory buffering in this type of recorder,

giving a ground speed of between 104 kis (calibrated

airspeed, corrected for wind) and 111 kts (from the aircraft

Inertial Reference Unit). The rate of descent was between N
8.5 feet/sec (barometric rate of descent) and 16 feet/sec :
(radar altimeter rate corrected for terrain). These velocities

combined to give an aircraft final flight path angle of

between 2.5° and 5°.

The first impact detached the tail-skid and APU door and the
drag loads on the two main landing gears failed both legs
rearwards: the airframe remained otherwise intact. The
aircraft then cut 2 swathe through the trees on the eastern
embankment and, as it descended across the motorway, the
left wing struck a central lamp standard, fracturing the
standard at its base and removing the outboard 6 feet of the
wing.

The second, and major, impact occurred when the nose

contacted the base of the western embankment. The first

contact was made by the nose wheel on the road surface "
followed by the nose radome striking the embankment and

the engine nacelles striking the road surface. The nose

landing gear failed rearwards, the nose crushed against the

embankment and both engine support structures failed

upwards.

There was no indication of velocity at the second impact
from either the FDR or the aircraft instrumentation. It
became evident during the investigation that the major
factor in the deceleration pulse in the second impact was
the resultant horizontal and vertical combined) velocity at
this impact. Estimates covered the range of 77 knots (from
a simple first-order aerodynamic calculation) to 99 knots
(from an impact analysis provided by the airframe
manufacturer): AAIB concluded that the highest
probability was in the range of 85 to 95 knots.

For determining the deceleration pulse transmitted to the
cabin floor in the second impact AAIB considered 4 sources
of information:
i) the results of a KRASH computer simulation
performed by the Cranfield Impact Centre (ref.
2), '
i)  calculation of the basic kinematics,
iii) the damage to the passenger and pilot seating
related to previous dynamic testing,
iv) comparison of airframe damage with previous
calibrated tests.

All these sources of evidence indicated deceleration levels

in the second impact in excess of the pulses defined in

Amendment 25-64 and the balance of evidence indicated a \
resultant deceleration, within the centre section, with a

pesk value of between 22 and 28g (figure 6). Peak

deceleration in the nose section would be slightly higher,

but with a shorter pulse, and the peak deceleration rather

lower in the tail section.

A significant point drawn from the AAIB work on defining
the impact and its deceleration pulse was the difficulty of
defining the severity of the major deceleration. Such a




pulse is a combination of, for instance, rise time, duration,
peak deceleration and overall velocity change: none of
these components provides, by itself, an adequate
description of the severity of the pulse. Thus the overall
velocity change of the seat dynamic tests (35 and 44
feet/second) are just as important as their associated peak
deceleration levels (14 and 16g).

AIRFRAME DAMAGE

Two major structural failures of the fuselage occurred in the
impact, one slightly forward of the wing leading-edge and
one aft of the trailing-edge. These failures left the structure
in 3 sections (figure 7).

All 3 landing gear legs and both engine supports failed,
without rupturing the fuel tanks. In the case of the 2 main
landing gear legs, the separations were clean and were as
designed, fracturing the system of calibrated ‘fuse pin’ bolts
which attach the main landing gears to the wing structure.
The engine pylons were also designed to separate cleanly
from the wing. Although both engines did separate without
rupturing the wing fuel tanks, all the 'fuse pin’ bolts were
found intact and the structural failure had occurred within
the pylon itself, approximately in the vertical plane of the
forward wing spar.

The nose section sustained considerable crushing in the
lower flight deck area and the belly skin disintegrated
along the length of the forward passenger cabin. The floor
of the forward passenger cabin was entirely disrupted (rows
1 10 9) and the stubs of the floor beams indicated that the
failures aft of seat row 1 were in a forward and downward
sense. The centre-section remained intact and the wings
remained attached: the floor in the centre-section itsclf was
intact (rows 10 to 17) because it is built on the wing
torsion box but the flooring aft (rows 18 to 24R) of the
centre-section was, again, disrupted. The tail section was
almost inverted but had retained an intact floor (rows 24L
to 27).

The failure pattern of the floor structure was studied in
detail, both by examination of the areas of floor which had
retained some integrity and by reconstructing, with the aid
of individual floor beam drawings, those areas which had
been fragmented. A distinctive pattern of failure emerged.
The initial failures were of the longitudinal seat tracks
under the inertial loading of the passenger triple-seats. The
resulting displacement of the seat track members from the
floor panels prevented the floor panels from reacting the
longitudinal crash loads and the transverse floor beams
then failed under the longitudinal and torsional crash loads,
for which they were not designed, as well as from the
vertical loads.

SEATING

Both pilots’ seats were found still on their tracks and,
despite the heavy impect damage to the flight deck arca,
both seats remained attached to the floor and the restraint
systems were only slightly damaged. On both seats the
sest pans were found st the bottom of their vertical travel
and this had caused additional seat damage. Similarly, all §
sitendant seats suffered some damage but remained
basically intact and attached to their respective toilet
modules. All the crew members survived.
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The decision was made early in the investigation to attempt
to match individual injuries 10 individual seat damage and
so, after delivery of the wreckage 1o AAIB at Famborough,
the cabin seating arrangement was reconstructed. This task
was made more difficult because the cabin seating was
single class and, during the rescue and salvage operations,
a total of 38 triple seats were removed from the aircraft,
generally after extensive cutting to allow the release of
injured passengers. By fracture-matching of the seat pieces
and identification of pieces of seat track still attached to
the seats’ rear attachments, the position of all the seats was
(eventually!) established.

Although there was variation in the damage to individual
seats, some distinctive patterns emerged (figure 8). In the
forward azea (rows 1 to 9), for instance, all the seats were
totally separate from the floor structure but in no instance
did the seat structure fail at the rear track attachment. This
appeared to have been principally due to the articulation
designed into the attachment to allow for the warping
requirements of the new seat tests.

On the other hand, the seats in the centre section (rows 10
to 17) had remained attached to the cabin floor, with the
exception of 2 individual outboard seats which had suffered
complete bending failures of their horizontal front spars.
There was also spar deformation in several other seats and
it was the correlation of this damage to occupant injuries
which enabled the medical investigators to postulate that
the primary mechanism of femoral fracture was the result of
the femur being bent over the horizontal front spar of the
seat This was confirmed by the loads shown by the
MADYMO simulation commissioned by the NLDB group.

OVERHEAD STOWAGE BINS

All the overhead stowage bins were recovered from the
wreckage and their cabin positions determined.
Photographs taken during the rescue operation and
interview evidence from rescuers indicated that al] the bins
had become detached in the accident, apart from the forward
bin on the right-hand side (1R), which was partially
detached. The pattern of damage to the bins themselves
reflected the cabin damage, with the least damaged bins in
the centre and tail sections and the most damaged being
those creased and crushed in the buckled area aft of the
wing.

On all the detached bins the initial failure appeared to have
occurred when the diagonal tie fitting pulled out of the bin
upper surface (figure 9). The lateral and vertical tie-rods
then failed when they were subjected to the longitudinal
inertial load for which they were not designed.

INFANT AND CHILD RESTRAINTS

There was one infant on board and he was seated on his
mother's lap, restrained by a supplementary ‘loop-type’
belt. The child was severely injured and the mother, who
later died in hospital, sustained a higher injury severity
score higher than the occupants of neighbouring seats. At
the time of the accident there was no requirement in the UK
for infant restraint on transport aircraft but the UK CAA
(Civil Aviation Authority) now requires that, for take-off,
landing, emergency conditions and flight in turbulence, 'all
passengers under the age of two years are proverly secured
by means of a child restraint device': this amendment has
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generally been interpreted as requiring the use of the
supplementary ‘loop-type’ belts.

The CAA has recently funded a research programme to study
alternatives to the loop-type’ belts and now allows the use
of certain specified child-seats. However, in the UK there
is no published Standard for child seats in aircraft and the
onus to provide the child seat remains on the
asccompanying adult.

AAIB SAFETY RECOMMENDATIONS

The AAIB final report was published on 18th October 1990
(ref. 3) and it contained 31 Safety Recommendations. 11 of
these concerned crashworthiness and survivability issues.
In the United Kingdom, recommendations made by AAIB
are generally addressed to the UK CAA (Civil Aviation
Authority): the CAA are required to consider these
recommendations and publish a response.

Engines:
The lack of a significant fuel release in this crash was
partly due to the ruptured centre-section fuel tank being
empty for this flight and the damage to the left wing-tip
occurring outboard of the fuel tank. It was also due to the
mtegrity of the wing fuel tanks further inboard, which did
not rupture despite the separation of both main landing
gear legs and the separation of both engines. Although the
engine separations were benign, in that the wing fuel tanks
were not ruptured, the structural failures occurred within the
pylons themselves, leaving the ‘fuse-pin’ bolts in place.
This raised the question as to which impact scenarios need
to be examined for the engine separation case and AAIB
recommended that:
“The CAA should review the existing Joint
Airworthiness Requirements conceming fuel tank
protection from the effects of main landing gear and
engine detachment during ground impact and include
specific design requirements to protect the fuel tank
integrity of those designs of aircraft with wing-
mounted engines.”

Seating:

From the analysis of the major deceleration impulse it was
clear that the forces encountered in the second impact were
considerably greater than those for which the airframe and
the furnishings were designed and certificated. It is in this
context that the discussion around the seat performance in
ME ok place.

In general the crew seating performed well and, by
remaining in position, limited the crew injuries resulting
from secondary impacts with the cabin interior. For the
passenger area: "where the floor survived, so did the
seats”. The examination of previous accidents, the early
dynamic testing of seats designed to the previous (9g’)
static criteria and the dynamic testing of this model of
passenger seat all indicated that fewer injuries occurred in
this accident than would probebly have been the case with
pessenger seats of an earlier generation. However, some
structural failures of the seats did occur, such as the front
spar failures in the overwing section of the fuselage, and
the AAIB recommended that
“The CAA should sctively seek further improvement in
the standards of JAR 25.561/.562 and the level of such
standards should not be constrained by the current FAA
requirements.”

The performance of the passenger seats in G-OBME also
supported the case for fitting the improved seats into all
newly-manufactured aircraft coming onto the register and
retrofitting existing aircraft, at least on a seat replacement
basis. The AAIB thus recommended that:
“The CAA should require that, for aircraft passenger
seats, the current loading and dynamic testing
requirements of JAR 25.561 and .562 be applied to
newly manufactured aircraft coming onto the UK
register and, with the minimum of delay, to aircraft
already on the UK register.”

The medical investigation surrounding this accident
suggested considerable scope for improving the detail
design requirements for aircraft seating. In this light, the
AAIB recommended that:
"In addition to the dynamic test requirements, the CAA
should seek to modify the JARs associated with
detailed seat design to ensure that such seats are safety-
engineered to minimise occupant injury in an impact.”

As for altemnative seat designs, any change would clearly
have to be founded on a firm basis of research and
development, including questions of compatibility with
the rest of the cabin, the level of passenger acceptance and
protection in a wide range of impacts. Little of this
research has taken place in recent years and the limited use
of rearward facing seats in military transport aircraft has
not answered the questions. The AAIB recommended,
therefore, that:
"The CAA should initiate and expedite a structured
programme of research, in conjunction with the
European airworthiness authorities, into passenger
scat design, with particular emphasis on:
(i)  Effective upper torso restraint.
(ii) Afi-facing passenger seats.”

Cabin floor structure:

The investigation indicated that the floor strength was, in
fact, considerably higher than the 'static 9g' certification
requirement. The pattern of failure in G-OBME, however,
showed that relatively minor engineering changes could
significantly improve the resilience and toughness of
sircraft cabin floors and take fuller advantage of the
improved passenger seats, particularly for out-of-plane
loading and in providing multiple load paths.

Future designs of cabin floor should certainly have to take
account of dynamic loadings to ensure that the seats, and
other floor-mounted furnishings, remain in place in
realistic impact cases. It is also reasonable that, at some
point in the future, this should also apply to further
production of existing designs. The AAIB recommendation
thus read:
"The certification requirements for cabin fioors of new
aircraft types should be modified to require that
dynamic impulse and distortion be taken into account
and these criteria should be applied to future
production of existing designs.”

There is wide scope for research into the feasibility of a
significant increase in cabin floor toughness beyond the
level of the current JAR/FAR seat requirements. A further
recommendation covered this:




"The CAA should initiate research, in conjunction
with the European airworthiness authorities, into the
feasibility of a significant increase in cabin floor
toughness beyond the level of the current JAR/FAR
seat requirements.”

Infant and child restraints:
The argument for child seats in motor cars has been well-
established for over a decade. It can be argued that the
supplementary loop-type belt provides some advantages
over simple lap-holding of infants but it cannot provide an
equivalent level of survivability to that provided for the
adult passenger. The AAIB recommendation was that:
“The CAA implement a programme to require that all
infants and young children, who would not be safely
restrained by supplementary or standard lap belts, be
placed in child-seats for take-off, landing and flight in
turbulence.”

The present regulations are still a long way from bringing
about the universal use of child-seats. To do this, it is
logical that the onus of provision should be placed on the
airline. There are clear advantages for an airline in only
having to train its cabin staff to deal with the use of one
type of child-seat, optimised for the airline operation, and
in not having to deal with child-seats incompatible with
the airline’s passenger seats.

In the meantime, to promote the effective use of child-seats
and 1o put operators in a position to provide child-seats
themselves, the AAIB recommended that:
“The CAA expedite the publication of a specification
for child-seat designs.”

Overhead stowage bins:

All but one of the overhead stowage bins became detached
in the impact and they did so in a very uniform manner.
with the initial separation of the diagonal tie from the
upper surface of the siowage bin and the consequent failure

of the lateral and vertical ties when the bins moved forward.

Confirmation of this failure mode was that the only bin not
to have separated entirely from its fusclage attachments
was 1R, the only bin at which forward motion was
restricted by the presence of a substantial cabin bulkhead.
It was not possible to determine the actual mass or
distribution of passenger belongings in the overhead bins
but the results of a 1981-82 CAA survey indicated that the
manufacturer’s figure (3 Ibs per inch of bin length) was
generously conservative and that the actual loading on G-
OBME was sbout 33% of the placarded mass.

Quite spart from the injuries caused by the bins, their
presence in the cabin did impede the evacuation and there is
a clesr case for a substantial increase in design load factors
and for features (such as the incorporation of flexible
mountings) o ensure that cabin ‘items of mass’ would be
restrained against realistic crash pulses. The AAIB
recommended:
“The certification requirements for cabin stowage
bins, and other cabin items of mass, should be
modified t ensure the retention of these items to
fuselage structure when subjected to dynamic crash
oulses substantially beyond the static load factors
currently required.”
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There was also evidence that some of the bin doors opened
during the last moments of flight, before the first impact.
The inadvertent opening of overhead stowage bins has
long been a problem, especially in turbulence, and some
airlines now fit bins which incorporate secondary latching.
The AAIB recommended that:
“The CAA consider improving the airworthiness
requireme...s for public transport aircraft to require
some form of improved latching to be fitted to
overhead stowage bins and this should also apply to
new stowage bins fitted to existing aircraft.”

As a postscript to the overhead bins, this type of bin was
the subject of a subsequent series of instrumented dynamic
tests conducted by the Transport Research Center of Ohio
on behalf of the FAA, The mode of attachment failure
identified was the same as in G-OBME. And in the first half
of 1992 the US National Transportation Safety Board
(NTSB) published recommendations from the MD81
accident at Stockholm in December 1991, in which a
number of bins failed. These recommendations recognised
the limitations of purely static load tests for certification.

CAA RESPONSE

On 23 October 1990 the United Kingdom's CAA (Civil
Aviation Authority) published a summary of their follow-
up action on this accident (ref. 4). All 11 of the AAIB
recommendations detailed above were accepted by the
Authority.

FURTHER WORK - 'AIRCRAFT ACCIDENT
INVESTIGATION TOOL' (AAIT)

The use of the KRASH computer program as a part of the
impact study in the G-OBME investigation was judged by
AAIB 10 have been successful. This was largely due to the
helpful attitude of both the airframe manufacturer and the
FAA, under whose auspices the KRASH code was developed.

The study was not ideal, however, and did highlight a
number of areas for improvement of the simulation
process, both in the operation of the crash dynamics codes
themselves and in the creation of the aircraft model. These
would enable impact simulations to be run in a more timely
and cost-efficient manner.

Following proposals from Cranfield Impact Centre,
therefore, the MoD and AAIB are funding a development
programme, spread over 3 years, to provide a usable tool
for the analysis of aircraft impacts. This is provisionally
called the 'Aircraft Accident Investigation Tool’ (AAIT).

CONCLUSIONS
This accident highlights three thorny old realities of
airworthiness codes:-

1) The airworthiness regulators have been able to attack
the problems of seating in aircraft cabins. But these
improvements can only be fully effective if the floor can
keep the seats apart and the other massive objects within
the cabin can be kept away from the occupants and from
their escape routes.

2) The full weight of the current airworthiness code is only
fully applied to the clean sheet of new type certifications.
After that it's the murkier and more srbirary world of
derivatives and retrofit!
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3) However good their intentions, nobody can legislate for
good design and this is as true for crashworthiness design
#s for any other. The best we can hope for is a level
playing field, tended by active-but-sensible regulators with
twin passions for aviation and aviation safety!

REFERENCES
Reports

1)

2)

3)

4)

‘Aircraft Accident Report 8/88 - Report on the accident
o Boeing 737-236, G-BGIL, at Manchester
Intemational Airport on 22 August 1985"; Air
Accidents Investigation Branch, DTp; HMSO
December 1988

"A computer-simulation of the G-OBME accident at
Kegworth on January 8, 1989"; Cranfield Impact
Centre Lid., Cranfield; CIC 14 November 1989
‘Aircraft Accident Report 4/90 - Report on the accident
to Boeing 737-400 G-OBME near Kegworth,
Leicestershire, on 8 January 1989"; Air Accidents
Investigstion Branch, DTp; HMSO 18 October 1990
Follow-up Action on Accident Reports: Accident to
Boeing 737-400 G-OBME near Kegworth on 8 January
1989'; Civil Aviation Authority, Gatwick; 23
October 1990




§
-
vresse o suraos
-
-
[ 4
-
TEeRevs we vpumvwe
-
-
-y
..

“=4sespae

LR W N Er
P

! Figure 1 - Crash site of G-OBME

10-7



10-X

Single attendant seat

Overwing exits

First Officer

5]

[

Ll
]!
|

[0

[T FT
[0
ERERAN

l ’T“T—] [_T_T_j

C’” [T
[T
S

F"T‘“Tj [T T_'T
J

3
Qo
-
-
©
°
[%2)

a
°
(=
&
£
E
3
Q

?
|
]

Coat closet

/

Double attendant seat

Double attendant seat

Overwing exits

- G-OBME seating configuration

Figure 2




10-9

(ANHO-D) 1eas ajdiay aaduasseq - ¢ d4ndig

(paiginoiue)
f wawyoene baj sesy
: )oel} 1e3g sweaq 100]4

,., / X
S1581 Wiy seq ob6ebbBeg // L /
o ' N, DN -

A=)

\ ELER

A
/NN Ve ioo|y _
L L / AN L4 \ p
ﬂ / , sjeds Jeay — = / Juewyoene
o ) \ , /4 //‘///.n.k N B3} Juouy
= 7 t —x ] -
\ \ / ; T~ jeds woiy
.\ K //
8 I ~
| \ / wod jomd T i NG
f L] A[ 1 %oeqiesg , .\ : . /,,//
L //
T uolysno 1e8g
L

s|q9e1 \\,mC

1ye Bumooj maip PIEMIO] ——i




Figure 7

1o-10)

sjudwyaeye ulq I3femols - p andiyg

pm4

nsd

uoISNIIXa

1IN0 Jiy
100p uiq aemolg .

(1eo1dAy)
spoddns |esiapn

awel 4

‘ i A Bw:_:m
. S S e
. \M {Ieo1dAy)
\~/ -~ A spoddns jeiaie (1e21dAy)
\ A / pou 81} jeuIpnibuoT
\ \

{21S02481U| uiq sbemoig




10-11

aauanbas 1dedunt JNHFO-D -

—
SeuldW DO}

SYD SN ELL

W 99¢
.

L2 AMy poysaiui 0 818l OEQ

s aandiy

LOIBAIBSAI |BIIUDD)

syJew ajjadeN

SyJew 133y

punogyinog LW PUNOGYLON —R,_\\\

psepuels dwe




10-12

Longitudinal deceleration - Centre section floor
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Figure 8a - Seat track and seat 3L (forward cabin)

; Figure 8b - Floor beam at station 460 (forward cabin)




Figure 9a - Stowage bin attachments (G-OBME)

Figure 9b - Stowage bins (G-OBME)
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OCCUPANT KINEMATICS SIMULATION
OF THE KEGWORTH AIR ACCIDENT

R.

Haidar

N. Rock
HW Structures Ltd
Southam Road
Leamington Spa, Warwickshire
Cv3t 1FQ, UK

SUMMARY

The use of computer simulation in the
investigation of the crash of the Boeing
737-400 at Kegworth has highlighted the
importance of the technique in aiding the
accident and medical investigations.

The analysis has shown the importance of
adopting a full brace position for crash
landing thus offering significant
protection against injury.

The major value of the study has shown that
a unique and definitive estimation of the
occupant kinematics and the effects on the
crash victims are possible for an aircrash.

1. INTRODUCTION

Historically, crash victim simulations have
been performed using anthropomorphic test
dummies in conjunction with sled and
controlled impact demonstrations. The use
of such devices in the reconstruction of
aircraft accidents are costly and time
consuming, particularly with regard to the
variation in pitch, roll and yaw.

Within the last decade, data preparation
for large structural analysis computer
models have enabled prediction techniques
to become a useful tool in tne study of
structural impact behaviour. Recent
advances in the use of mathematical
simulations have also enabled the
replication of the test dummy in a crash
environment,

Mathematical models and computer
simulations have been developed in order to
predict the response of the body to high
accelerations. This has been developed by
the automotive industry to simulate the
response of the occupant to a vehicle
impact.

The simulation of the human being or test
dummy, like other complex dynamic systems,
can be represented mathematically by
considering the body as a system of
elements linked by rotational or
translational joints. The stiffness
characteristics of the joints are
correlated with test. The ensuing motion
of the system can, therefore, be calculated
by solution of the Newtonian or commonly
the Lagrangian eguations. 1In crash victim
simulations these equations are nonlinear
since the forces acting on the elements can
vary with displacement and time.
Accordingly, computer models provide a
means for solving the differential

eguations depicting the motion of the body.

The impact biomechanics of the passengers
of the Kegworth air accident of 8 January
1989 was reconstructed using computer
simulation. The objective of the study was
to examine the causation and mechanisms of
injuries sustained.

An analysis of the behaviour of the
occupants during the accident was
considered important to maximise the
knowledge on survivability issues.
group which consisted of orthopaedic
surgeons, engineers, and other specialists
involved in the treatment of survivors,
known as the Nottingham, Leicester, Derby,
Belfast (NLDB) team was formed to collate
the injury data pertaining to the accident.
Detailed information was collected about
the survivors and the deceased. The data
obtained was used to correlate the injuries
sustained with the biomechanical forces
predicted by the computer simulation.

A study

A mathematical dynamics modelling program,
MADYMO(1), was used to predict the injury
levels sustained in the impact. The
program comprises of two and three
dimensional versions. The two dimensional
version was used as there was no lateral
acceleration involved in the accident.
Post-processing was undertaken using
MADPOST(2).

The Kegworth analysis consisted of a
computer simulation of the motion,
acceleration and force histories sustained
by the occupants. These have been
correlated with injury data. The analysis
was restricted to those positions where the
seats were retained in the aircraft. Where
catastrophic failure of the fuselage and
floor occurred, there was loss of survival
space and a further understanding of the
detailed mechanisms involved could not be
undertaken.

The aircraft sustained an impact lasting
2.2 seconds. This commenced with the
initial tail skid impact on the east side
of the motorway, until the aircraft came to
rest in three sections, on the embankment
on the west side.

Some seats were retained in the nose
section, mostly crew, and also in the tail
section. The latter over- rode the central
section, coming to rest upside down. The
centre box section was the area of the
aircraft best preserved, and was chosen for
the simulation. The analysis was therefore
most applicable between row 10 and row 20,
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that 1s, the overwing area.

A survey of structural damage to the
arrcraft seats and floor was carried out.
In the overwing area the floor was intact
and the seats had remained in position.
Examination of the outboard seats of the
triple row, showed ¢ formation of the seat
pan and the front spar depressed on the
unsupported end.

2. MODEL DEVELOPMENT

A single occupant from whom a fairly
comprehensive set of data was known, was
selected for the study. This was to permit
a correlation study to be made. The
occupant chosen for the correlation was
seated in row 15, dicvectly behind the
emergency exit over the wing. The occupant
assumed a brace position.

Studies on 2 sister aircraft were used to
determire a probable brace position of the
occupant. This was supplemented by the
anecdotal evidence of the survivor. The
latter was represented by a Hybrid III
dummy dataset, Figure 1.

The simulation comprised of two seat rows
with a 32 inch pitch. The front seat held
a second, supplementary, 50th percentile
occupant. This was for the purpose of
creating the correct response and contact
environment for the primary occupant. In
front of the second occupant a bulkhead was
modelled to provide an additional restraint
for the front occupant.

Most of the seat backs have been designed
such that if a > all force was applied in
the forward direction they would collapse.
The configuration of this aircraft also
contained non-breakover seats. Thus, with
row 15 directly behind the emergenzy exit
the seat backs of the row in front, 14,
were of the non-breakover type. The
computer model was thus set up to represent
the variation in seat back torgue.

Inspection of the aircraft after the crash
showed many locked seat backs had suffered
total bending failure, thus the model was
set up such that a breaking torque was
required to fail the seat back.

3. OCCUPANT ANALYSIS

Although there was contact between the tail
skid and the ground on the east side of the
motorway, the acceleration levels were
small, approximately 1G. The tail skid
1mpact is estimated to have had only miror
effects on the occupants, from a kinematic
perspective. Although the duration of the
impact was for a period of 2.2 seconds, the
occupant simulation was run for a period
of 1.4 seconds, beginning at the instance
when the aircraft was in horizontal flight
over the motorway. This embraced all the
significant events giving rise to the
forces sustained by the occupants.

3.1 Brace Position Analysis

The computer model which was developed,
accurately predicted those injuries
sustained by the occupant being studied.
The occupant experienced a double impact
with the seat back in front. Head and arm

contact occurred between the facing seat
back. In the case of the 'breakover'
seats, the acceleration was sufficient to
release the seat backs before occupant
contact. 1In the case of the emergency exit
"non-breakover" seats, the impact of the
occupant caused structural failure of the
seat back frame.

A detailed assessment of the injuries
sustained by the occupant in row 15 was
compared with the computer predictions and
is described below:-

3.2 Facial Lacerations

The forehead of the simulated occupant
contacted the table of the seat in front.
Head Injury Criteria (HIC) (3) of just
under 300 were predicted, thus facial
lacerations would be expected although it
is unlikely that serious head injury would
have occurred.

In the accident, the site of the head
contact was clearly identified by witness
marks on the seat back and confirmed the
analysis. An indentation mark on the top
left hand side of the seat back was thought
to have occurred due to elbow strike. This
was followed by head strike against the
horizontal bar, and the lower portion of
the seatback. Additionally the levels of
facial injury were also as expected. The
occupant did not lose consciousness. This
was commensurate with a head injury
criterion of about 300.

3.3 Iliac Crest and Upper Thigh Bruising

The occupant in row 15 sustained iliac
crest and upper thigh bruising. On impact,
the occupant was thrown forward and rotated
around the lap belt. Belt loads of about
nine thousand Newtons were predicted which
would have caused bruising around the iliac
crest. During the rebound phase of the
simulation, the occupant moved up and
rearward, the belt slipped down the upper
legs causing bruising on the outer thighs.

3.4 Lower Limb Injuries

The occupant seated in row 15 sustained
right knee bruising. From the kinematics,
Figure 2, slight contact was observed
between the knee and the seat in front. It
was known that the seat structure deformed
significantly on the right hand side of the
body which would have caused the body to
twist, pushing the right knee forward into
the back of the seat in front.

Clinical assessments of the patients showed
few soft tissue injuries around the knee in
those passengers seated in this region of
the aircraft. This was well predicted by
the computer simulation with femur axial
loads in both the braced and unbraced
occupants well below the accepted limit of
10 Kilunewtons. This suaggested that
gsignificant knee contact with the seat in
front had not occurred. Further clinical
reviews showed that the majority of femoral
fractures had taken place in the central
seat of the triple row where the lateral
spar was supported by the seat legs. Where
the spars were cantilevered, they have
exhibited bending failure thus resulting in
energy absorption and consequently, no




femoral fractures.

The computer model predicted flailing of
the lower limbs and contact with the seat
in front, when the lower leg was positioned
forward of the knee joint, Figure 3. The
simulation of the brace position showed
that should the lower leg be kept ten
degrees rearward of the vertical flailing
of the legs would not occur and no tibial
or foot contact would take place with the
seat in front.

4. UPRIGHT POSITION ANALYSIS

Many of the passengers in the aircraft did
not assume a brace position, and remained
seated upright. The injury levels sustained
by these occupants were examined.

The simulation of the upright occupants
utilised fiftieth percentile Hybrid III
dummy datasets seated in two rows. Unlike
the situation for the braced, where a
single, well documented occupant was
selected for correlation purposes, an
eguivalent upright occupant could not be
identified for close study. Nonetheless,
several similar occupants were examined on
a more general basis.

The computer predictions of the injuries
sustained were found to be consistent with
injuries of the survivors. Head injury
criteria, circa 1000, were consistent with
concussion. Contacts representative of
pelvic and lower limb injuries were
predicted.

Medical records of the NLDB team showed
that there was an increased incidence of
unconsciousness due to concussion for those
passengers who assumed an upright position.

A comparison of the upright occupant
simulation with the brace position showed
considerable differences in results.
Significantly higher HIC, thorax, femur and
pelvis injury levels were obtained. The
simulation, Figure 4, indicated a higher
degree of penetration of the occupant into
the facing seat back with increased head,
and chest accelerations. Severe rotation
of the knee and foot joints were also
apparent. These were attributed to the
increased relative velocity of the upper
body before striking the facing seat back.

Two further configurations were modelled to
investigate the effect of lap and shoulder

restraints and rear facing passengers in an
aircraft accident such as that at Kegworth,

It is important to note that the assessment
of the three point belted occupant was made
with a standard seat. The retractor and
shoulder belt anchorage were located on the
fuselage of the aircraft. The rear facing
seated occupant was also analysed using the
same standard seat design, however, the
seatback was constrained in order to stop
the seatback from failing.

The results presented in table 1 show the
percentage comparisons and indicate the
following: -

Taking the results of the brace position as
the baseline values, the HIC value for the
upright occupant has increased by 250%.
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Whereas, for the three point belt and rear
facing analysis there is a decrease of 5%
and 45% respectively.

In observing the chest accelerations, the
result of the upright occupant has
increased by 77%. For the three point belt
a decrease of 3% is obtained, whereas, for
the rear facing position an increase of 35%
has occurred. However, it must be
emphasised that the latter is well within
the standard injury limit of 60G as
specified in Federal Motor Vehicle Safety
Standard (FMVSS)208. The increase was due
to the seat back being constrained from
moving rearwards. This could be reduced by
the introduction of a stroking device at
the seatback or rear seat legs.

For the pelvic loads, the upright occupant
shows an increase of 49% which is likely to
cause fracture. This fact was also
confirmed by the NLDB team, for those
occupants who remained upright suffered
pelvic fracture. For the three point belt
and rear facing seats an increase of 11%
and 4% were observed.

A reduction in belt load of 58% was
obtained with a rear facing seat. The load
obtained was due to the rebound of the
occupant against the belt. The seat leg
loads, which were extracted from the
interface with the aircraft floor, show a
small increase in load for the rear facing
seats.

The femur axial loads for the upright
occupant showed an increase of 45%. A
decrease of 14% and 5% were observed for
the three point belt and rear facing
positions.

The result of the femur vertical force for
the brace position showed higher loading
than the other parameters considered. It
is important to note that a decrease of 65%
in the femur vertical component for the
rear facing seat was observed.

The load on the fibula was highest with
the rear facing seat. The increase was due
to contact against the front seat spar.
This could be reduced by the introduction
of an energy absorbing calf support at the
front of the seat.

The results of the foot loads showed that
the highest loads obtained were observed
with the upright occupant. This was as a
direct result of leg flailing.

5. CONCLUSIONS

The upright occupant simulation
demonstrated significantly higher HIC,
thoracic acceleration and pelvia injury
levels, with a slight increase in femur
axial loading. The upright position
kinematics indicated a high degree of
penetration of the of the head of the
occupant into the facing seat back with
increased head, chest and knee contact.
However, the proximity of the knee to
facing seat back was insufficient to cause
major injury. The simulation has also
highlighted the degree of rotation which
has taken place at the knee and ankle
joints, A significant discovery was also
made using the simulation, in the adoption
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of a new brace position, as illustrated in
Figure 5. It should be noted from this
figure that the lower limbs are inclined
slightly rearward of the vertical to reduce
foot and lower leg injuries.

The computer simulation was able to confirm
and predict the clinical findings of
increased head injury in those occupants
who did not assume a brace position. The
absence of knee contact as demonstrated by
soft tissue injuries around the knee was
also predicted. This, conclusively,
demonstrates that the reconstruction of
impact biomechanics using computer
simulation is a valid technique.

The occupant simulation of the three point
belt analysis, Figure &, showed that no
head contact occurred against the seat back
in front. However, tibial contact took
place with significantly reduced loads.
Reductions ir. femur and belt loads were
also obtained.

The simulation with the standard
constrained rear facing seat showed that
neck hyper-extension and fibula contact
took place, Figure 7. These occurrences
may be reduced by providing a higher head
rest and calf support on the seat. The
assessment of the results shows that
reductions in HIC and femoral loads were
obtained, although it is expected that the
HIC level will increase with a higher seat
back.

The major value of the computer simulation
was to show, for the first time, that a
definitive estimation of occupant
kinematics and the effects on the victim
was possible for an aircrash.

6. RECOMMENDATIONS

The correlation of the brace position was
extremely good considering the multi-
variable, nonlinear nature of the analysis

models. The correlation was against one
crash, studying othe~ crashes is
recommended.

The importance of adopting a brace position
has been demonstrated, Figure 5. The
adoption of this position should be drawn
to the attention of passengers prior to
every flight., This is far more relevant
than the routine demonstration of life
jackets.

The trend in results of the upright
position suggest the injury levels are more
severe than those of the brace position.
The injury levels obtained have shown that
the upright position is not to be
recommended.

Three point belts offer major improvements
in the levels of femoral and pelvic
injuries, due to improved kinematics and
load distribution. Such installations
shculd be considered for small commuter
type aircraft.

Rear facing seats reduce the levels of
injury criteria and should be recommended
for use in passenger aircraft. The seat
Yack must be strengthened and increased in
height. An energy absorbing calf support
should also be introduced on the front edge

of the seat.

Regulations should control both femur
bending and axial compressive loading,
rather than axial loading alone.
Presently, only axial compressive loading
limits are specified.

The analysis used in the simulations
utilised an additional occupant seated in
the row in front to simulate the forward
contact environment, that is, a twin row
analysis. The effect of the occupant
seated behind the primary occupant should
be assessed.

Work should be conducted to assess the
occupant kinematics against regulatory
standards with direct correlation with
sled testing in order to improve aircraft
seat design.

The use of crash testing to predict
aircraft accidents is costly and time
consuming, particularly in accident
investigation. The degree of pitch and
roll is not readily reproduceable. Such
parameters are easily investigated using
computer simulations. This has been
successfully demonstrated in its
application to the Kegworth M1 aircrash.
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HIC Max Head Max Chest Femur Femur Belt Seat Seat Pelvis *Tibia *Foot
Parameter e Accsl AccSl Axial Vert Load Front Rear Load Load Load
J6ms (m/s€} (m/s<) Load(N) Load(N) (N) Leg(N} Leg(N} (N) (N) {N)
Brace 278 534 332 2330 2720 9441 19284 20346 5394 0 G
! Upright 974 798 586 3367 1342 8798 16547 20821 8024 1152 930
. {+250%) (+49%) (+77%) (+45%) (-51%) (-7%) {-14%) {+2%) (+49%) - -
i
-
|
{3 Point 266 462 32 1995 1688 1778 19205 19581 6005 1560 711
LBelt {~5%) {-14%) {-3%) {-14%) {-38%) (-17%) (-0.4%) (-4%) (+11%) - -
|
| Rear 152 369 448 2220 961 3967 20136 19664 5597 1807 0
; Facing (-45%) (-31%) (+35%) (-S%) (-65%) (-58%} (+4%) (-3%) {+4%) - -
Results for Brace,
Upright, Three Point Belt and Rear Facing Occupants - Parametric Study
TABLE 1
Note: *Contact loads against seats only.
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SUMMARY

The Abbreviated Injury Score (AIS) and
Injury Severity Score were calculated for
all passengers and crew of the M1
Kegworth aircraft crash. Regional scores
were significantly higher in nonsurvivors
than survivors of the impact. Mortality
and ISSs were found to correlate with the
structural damage sustained by the
aircraft. The use of injury scoring has
highlighted variations in the severity of
injuries sustained by occupants involved
in an impact aircrash. This information
has demonstrated that other factors in
addition to the force of the impact were
involved in the causation of injury, such
as structural integrity, attempts by
occupants to protect adjoining
passengers, being struck by loose objects
and rear facing seats.

1. INTRQDUCTION

Injury scoring as a means of classifying
the extent of trauma has a long history.
The Abbreviated Injury Scale (AIS) is an
anatomical threat to life scale that has
been accepted world-wide as the system of
choice for assessing the severity of road
related impact trauma (14). However the
majority of impact injury patients die
because of more than one injury. Injuries
that in themselves would not be 1life
threatening could have a significant
effect on mortality when combined with
other injuries.

Baker et al. (2) devised a system, the
Injury Severity Score (ISS) as a means of
assessing multiply injuread patients.
Injury Severity Scoring has become an
established scoring system for survival
prediction and trauma audit. It is an
index of anatomical injury, but takes no
account of the physiological or
psychological effects of trauma. The
score has been found to be useful as a

predictor of mortality, survival time,
hospital 1length of stay and disability
(5). This has now led to a definition of
a patient with "major trauma", as a
patient who scores an ISS of sixteen or

more points. An ISS of 16 is predictive
of a 10% mortality (3).

At 8.26 pm. on Sunday January 8, 1989 a
British Midlands Boeing 737-400 airliner
crashed whilst attempting an emergency
landing at the East Midlands Airport,
England. The aircraft sustained two
impacts; a minor impact on the east side
of the M1 motorway that caused no
significant damage, and a further second
impact that caused severe damage on the
west side of the motorway where the
aircraft came to rest. Fortunately a
small fire in the port engine was guickly
extinguished by the waiting emergency
services.

A baby, 117 passengers and 8 crew-members
were on board the aircraft when it
crashed. Thirty nine passengers died at
the scene of the accident and the 87
initial survivors were transferred to one
of four hospitals in the region (8), -
University Hospital, Nottinghamn;
Leicester Royal Infirmary; Derbyshire
Royal Infirmary; and Mansfield and
District General Hospital.

Injury scoring (AIS & ISS) has not
previously been used to assess trauma as
a result of a major civil impact
aircrash. This paper reviews the AIS and
ISS data of all those on board the
aircraft and carries out a correlation
with occupant survival and the structural
damage to the aircraft.

2. MATERIALS AND METHODS

It is well known that passengers often
exchange places or move to different
empty seats once they have boarded an
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aircraft (10) and this was discovered to
have occurred on this flight. Using the
original ‘boarding’ seating plan and
statements made by the survivors, a
definitive seating plan (Figure 1) was
constructed. Once the position of each
occupant had been determined, it was then
possible to relate their injury scores to
their location within the aircraft.

At the time of the accident, the aircraft
broke into three main sections with two
main areas of fuselage destruction,
forward and behind the wings (Figures 1 &
2). The centre section (overlying the
strong wing torque box) remained
relatively intact. The accelerations
experienced in this region of the
aircraft have been calculated as being of
the order of 118G in the Gx plane
(horizontal) and 22G in the Gz plane
(vertical) (15).

In the forward passenger compartment of
the aircraft, overlying the forward
luggage hold, the floor collapsed with
seats in rows 1 to 9 cruhed concertina
fashion into one another. In the region
behind the wings, the tail of the
aircraft jack-knifed through 90 degrees
crushing the roof and disrupting the
fuselage and seating in this region.
Overhead stowage bins, roof panelling and
galley equipment became detached from the
aircraft fuselage on impact.

The structural damage to the aircraft’s
fuselage was assessed and scored
according to the amount of damage
sustained either to the floor, walls or
roof of the fuselage for each side, left
and right. Damage was scored at each seat
row on a scale of 0 - 5, with 0 the score
for a normal structure and 5 indicating
that the structure was absent. Thus for
any given row a score of 0 indicates that
the fuselage remained largely intact and
a score of 30 that the fuselage was
completely destroyed (figure 2).

Regional AIS were calculated for every
person on the aircraft wusing clinical
notes and/or post-mortem findings. The
American  Association for Automotive
Medicine Abbreviated Injury Score (1985
revision) was used(1). In this system the
body 1is divided into six regions - head
and neck, face, chest, abdominal and
pelvic contents, extremities and pelvic
girdle and, general (external). The
injuries are scored in each region with
an increasing severity from 1 to 5. A
score of 1 is considered a minor injury
wereas a score of 5 is considered a

critical injury, survival uncertain. A
score of 6 1s possible for any given

region but is considered to be non-
survivable in AIS 85. Figures 4 - 8
record regional maximum AIS for each seat
position.

The 1ISS has been calcuated using the
system of Baker et al (2) as the sum of
the squares of the 3 highest regional
Abbreviatsd Injury Sgores. Thetgfore 1SS

= AIS + AIS + AIS where
Aé AIS ‘ Lhe three

AIS AIS
mos sever1§ lnjured réglons. only the
contribution of the most major regional

injury is used. Ths h%ghe t Iss
attainable is 75 (ie. 5S¢+ 5¢) or if
any body region scores an AIS of 6, an
ISS of 75 is automatically scored. The
ISS 1is a non-linear discontinuous score,
with gaps (ie. unobtainable scores such
as 7, 15, 23 etc) becoming more frequent
as scores approach the maximum possible
value of 75 (7).

3. RESULTS

From the seat plan (Figure 1) it can be
seen that the majority of deaths occurred
in those regions of the aircraft that
sustained major structural damage, but
there was additional scattered mortality
throughout the aircraft.

Figure 3 illustrates the ISS of each
person and their 1location within the
aircraft. The average ISS of all
occupants on the aircraft was 28 with a
range of 1 to 75. Survivors (those 87
removed from the wreckage alive) had an
average ISS of 15 (range 1-50) and non-
survivors (n = 39) had an average ISS of
55 (range 21-75). Of the initial 87
survivors 30 (37%) had an ISS of 16 or
greater.

A significant increase in the mortality
rate at the scene was seen in those
regions of the aircraft with a structural
damage score of 15 or greater ( Chi
square = 26 with 1 d.f. p=< 0.0005 ). The
ISss was found to correlate with those
regions of the aircraft that sustained
the most severe structural damage, such

that an increasing 1SS was associated
with greater degrees of fuselage damage
(Spearman rank correlation, rho = 0.56%9
with 116 d.f. p=< 0.00605).

The maximum regional AIS, for each body
region is recorded in figures 4 - 8.
Analysis of injuries and mortality will
be further considered for those 118
occupants seated in the passenger
compartment. The injury scores for the
crew and those for the child in the
mother’s arms have been excluded from the
analysis because their seating
arrangements differed significantly from
those seated in the forward facing
passenger seats. Deceased occupants were
considered to be those 39 patients who
died at the scene of the accident. oOf
those 19 (49%) non-survivors to sustain a
maximum ISS of 75 (fig 3), the 1ISS
indicated was as a result of sustaining
an AIS of 6 in the regions of head and
neck (n = 10, fig 4), and the chest (n =
9, fig 6). These injuries could be
considered to be immediately fatal and
reflects the severe destruction that
occurred to the aircraft in the region in
front of the wings.

The variation in average regional AIS in
survivors and non survivors is
demonstrated in table 1.

Injuries of the head or neck (as
indicated by an AIS of 1 or more) were
sustained by 33 (85%) of the non-




survivors and 31 (39%) of the survivors.
Non-survivors sustained significantly
more severe head or neck injuries than
the non-survivors (Chi square = 37.5 with
3 d.f. p=< 0.0005).

Chest injuries occurred in 38 (97%) of
non-survivors and 32 (41%) of the
survivors. A significant difference is
again demonstrated in the severity of the
chest injuries in the two groups {(Chi
square = 87.5 with 3 d.f. p=< 0,0005).

Twenty eight (72%) of the ‘on scene’
deaths demonstrated injuries to the
abdomen or pelvic contents. This compares
with 29 (37%) of the initial survivors.
Again a significant difference is seen
between the degree of severity in the two
groups (Chi square = 30 with 2 d.f. p=<
0.0005) .

similar findings have been identified for
the face, extremity / pelvic girdle and
the external regional AIS scores. For the
face 17 (44%) non-survivors and 8 (10%)

survivors sustained facial injuries but
they were of greater severity in the
deceased group (Fisher exact a

probability test p=0.0016). Extremity or
pelvic girdle injuries were recorded in
37 (95%) of deceased occupants and 65
(82%) of the survivors. Limb injuries
were more severe in the non-survivor
group (Chi square = 16.8 with 2 d.f. p=<
0.0002). External injuries were
demonstrated in all but two of the
occupants with a significant difference
in the severity being recorded between
survivors and non-survivors (Chi square =
16.8 with 2 d.f. p=< 0.0002).

The occupants of the five rear-facing
seats, (occupied by crew members) will be
commented on briefly. The ISS of the

occupants Of the rear facing seats were
10, 8, 5, 4 and 1, giving an average
score of 6. These seats were located in
regions of the aircraft that remained

intact. Statements made by the crew
suggest that their injuries had probably
been caused by fixtures breaking free.

4. DISCUSSION

The causes of mortality and mechanical
injury in an impact aircraft accident
have been identified as: crushing within
a collapsing airframe; entrapment within
the wreckage; being struck by loose
objects; absence or failure of restraint;
injuries associated with escape; and
explosive decompression (7 & 10).

our study has identified a high mortality
and ISS in those regions of the aircraft
that sustained severe structural damage.
Survivability and 1low injury severity
scores occurred in those regions that

remained largely structurally intact,
with intact seating and restraint.
Injuries to the head or neck, and chest

regions appear to account for all
immediately fatal injuries seen in the
non-survivors. Head or neck, chest and

abdominal regional injuries are also seen
to contribute significantly to high
ISS’s.
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It has long been recognised that if the
force of an abrupt deceleration following
an impact excedes the strength of the
retaining devices the passenger will be
hurled in the corresponding direction
sustaining secondary impacts (5). In this
particular accident it seems that
fuselage failure with collapse of seating
was responsible for the severe crush
injuries seen in the non-survivors.
conversely in those areas of the aircraft
that retained the integrity of occupant
protection _devices, the devastating
injuries to the heads and chests of
occupants were less fregquent.

A number of occupants who died at the
scene sustained 1ISSs that may have
indicated survival was possible. As
indicated above a cause of mortality in
impact aircrashs 1is entrapment within
wreckage. It is known that the last
occupant of the aircrash was removed some
eight hours after the accident and
subsequently died from his injuries with
an ISS of 27. 1In addition the prescence
of fat emboli of varying amounts in all
but six of the non-survivors lungs (4)
suggests that some injuries may not have
been immediately fatal. Pictures of the
scene show the large amount of debris
within the fuselage which can only have
hindered the rescue services.

Significant differences are seen in the
severity of injuries (as recorded by AIS)
in those who died at the scene and those
who survived to be transferred to

hospital. Of interest only two survivors
sustained visceral intra-abdominal
injuries that required operative
intervention but 28 non-survivors had
sustained a major visceral intra-
abdominal injury. The collapsing of the
airframe has thus resulted in
significantly greater visceral injuries

to the abdomen. The high incidence of
hepato-splenic injury seen in fatal
aircraft accidents, in association with
severe head and chest injuries has been
commented on in the past (5).

It can be seen that injury scores vary
both in survivors and nonsurvivors as
well as within differing regions of the
aircraft. Why some individuals sustain
severe or fatal regional injuries whereas
others do not is of great interet to
crash the investigators? It is true to
say however that injuries to survivors
seated in intact regions of the aircraft
were caused as a result of the primary

focrces, and interactions with the
occupant protection systems (seats and
restraint system) in addition to
secondary impacts (as a result of

flailing) with the seats in front. It can
be seen that a wide spectrum of 1ISS
occurred in the regions that remained
intact. Factors that may have contributed
include individual variation (age, sex,
height, weight etc.), and the position
adopted at the time of impact. Three
individuals seated in 12D, 14D and 15D
(no row 13 on this plane) all sustained
severe head injuries (AIS = 5) apparently
as a result of a blow to the back of
their heads. It would appear they have
been struck by a loose object.
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The problem of loose objects is further
highlighted by the occupants of rear
facing crew seats. The majority of
injuries sustained by the cabin-crew in
these seats were apparently caused by
blows from galley equipment which had
broken free, or other debris. The problem
of overhead furnishings and galley
equipment breaking free from their
mountings and causing injury following an
aircraft accident has been highlighted by
the American National Transportation
safety Board (12).

The two cabin-crew sitting in rear-facing
seats at the front of the aircraft each
had an ISS which was considerably lower
than that of forward facing seat
occupants in the same region. Fortunately
for these crew members they were seated
in a strong region of the aircraft that

remained intact. The effects of the
impact forces on the occupants around
them was devastating. The <favourable

outcome for these crew members raises
again the question of the more widespread
use of rear facing seats in commercial
aircraft .

Comparison of ISS scores sustained by
some of the occupants with their
neighbours suggests that passenger
protection by other occupants resulted in
a higher 1SS for the protector than the
occupant being protected. For example, a
patient seated near the front of the
aircraft protected the adjacent passenger
by putting an arm across the occupants
shoulders. The injury severity score
indicated that the injuries sustained by
the protector were significantly greater
than the occupant being protected. The
mother in 3F whilst protecting an infant
sustained an ISS of 41 whilst passengers
geated around had lower scores, as did
the infant. Further examples exist in
occupants seated in other regions of the
aircraft. Increased injury to the
protector may be related to the failure
of that occupant to adopt a crash brace
position.

Injury scoring has proved a uscful tool
for assessing impact trauma as a result
of road traffic accidents. Injury
scoring, using the Abbreviated Injury
Scale and the Injury Severity Score, has
not previously been used in the
assessment of injuries in a civilian
impact aircrash. Injury scoring
technigues have demonstrated that factors
other than the impact forces involved may
have been responsible for the injuries
seen in the passengers and crew. Such
factors as entrapment in the wreckage,
failure of restraint, collapse of the
airframe and being struck by loose
objects have 1long been recognised as
causing death in aircraft accidents.

The automobile industry has demonstrated
that effactive occupant safety system
design with adequate restraint,
bolstering of interiors and the
maintainance of a livable volume
decreases the risks of sustaining injury
and improves the chances of survival
(13). However aircraft impact accidents
involve large forces and severe injuries

and mortality is inevitable. However this
crash and more recent air accidents have
demonstrated that survivability is
possible for large numbers of occupants,
as long as the seating and restraint
mechanisms remain intact.

Future designers of aircraft must not
only concentrate on reducing the number
of fatal injuries, but also examine the
cause of non fatal long term disabling
injuries in an effort to reduce their
incidence. oOnly if the victim of an
aircrash remains relatively injury free
can he escape from an aircraft in the
event of a fire.

5. CONCLUSIONS

Variations in injuries in passengers can
be gquickly identified, using injury
scoring techniques.

Injury severity scores correlate with
structural damage.

Injury scoring techniques highlight
variations in injuries amongst passengers
and crew which may highlight:-
Unexpected causes of injury or,
Factors that prevent injury.

Injury Scoring can provide additional
information for the crash investigator.
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Maximum AIS in Occupants — abdomen
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Average AIS in Occupants

Average AIS Significance
Survivors Non Survivors p =<
Head & neck 1.2 3.7 0.0005
Face 0.2 1 0.002
Chest 1.1 4.6 0.0005
Abdomen & pelvic 0.7 2.5 0.0005
contents
Limbs & pelvic 2.1 2.8 0.0002
girdle
External 1.2 1.7 0.0002
L
' TABLE 1
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SUMMARY: Bitch down trajectory, made its final impact at the
ase of the western embankment. This impact
generated high horizontal and vertical loads

Followm the crash of a Boeing 737-400 aircratt
resulting in severe fuselage damage.

on the motorway near Kegworth, England, on
8 January 1989, it became apparent that a largg
number of pelvic and lower limb injuries had been

) Following the accident it became clear that a large
sustained by the survivors.

number of injuries were sustained by the
) passengers and crew.

Had there been a fire this would have severely ] o .
hindered the ability of the occupants to escape. In particular, injuries to the pelvis and lower
limbs were prevalent (F(if' 1). If there had been a
tire. these injuries would have severely hindered

The mechanism of pelvic and lower limb injuries he
the ability of the occupants to escape.

in impact accidents has been related to flailing of
the limbs and axial loading of the femur. The
validity of axial loading of the femur as a primary
mechanism of femoral fracture in an impact
aircraft accident is questioned.

Mechanisms of pelvic and lower limb injuries in
impact accidents have been related to axial
loading of the femur and flailing of the lower
limbs. The following scenario has found wide
acceptance in impact accidents. On impact a

Two methods of study have been used to ]
passenger is propelled forwards and the knees

investigate the impact biomechanics of the pelvis

and lower limb: clinical review and impact testing strike the bottom of the seat ahead, causing
using anthropomorphic dummies. llr_lr!‘ur_les to the knee, u;:ﬁer tibia and lower femur.
e impact forces are then transmitted up the

Our study suggests that in the presence of intact
occupant protection systems, bending of the femur _
over the front spar of passenger seu: - is the acetabular fractures and pelvic shear fractures.
rimary mechanism of causation ot temoral This mechanism is a well described scenario in
ractures. the automobile industry.

femur driving 1t backwards into the pelvis. This
leads to femoral shaft fractures, hip dislocations,

Occupant protection systems designed for civil
aircraft should be modified to accommodate
loading of the femur over the front of the seat.

This study questions the validity of the above
mechanism in the seated occupants of an impact
aircraft accident.

2. METHOD:

Two methods have been used to investigate the

1. INTRODUCTION;
On 8 January 1989, a Boeing 737-400 aircraft (G-

0BME) crashed on the M1 motorway, near
Kegworth, England. The crash sequence consisted
of two impacts. On final approach with reduced
engine power, the aircraft, in a pitch up attitude,
struck the top of the eastern motorway
embankment after which the aircraft, rotating to a

impact biomechanics of the lower limb and pelvis:
i) Clinical review of the injuries to the
passengers in the . i1 aircraft accident
!RIlmpact testing ) )

ese two methods will be discussed.
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2.1 Clinical Review:

The case records, radiograplis and post-mortem
reports of all the passengers and crew were
reviewed.

Survivors were interviewed during their hospital
stay and subsequently up to vne year later. Initial
interviews at 3 days recorded the incidence and
location of soft tissue injuries and during follow-up
visits simple anthropometric measurements were
taken with particular reference to the buttock-knee

length.

The influence of the crash brace position was
analyzed using information from survivors
statements, for those seated in the cenire section of
the aircraft (rows 10-17 and up to row 20 on the
port side), where the seating remained artached to
the fuselage. Passengers were asked to recall the
position that they adopted at the time of impact, in
particular the placemcnt of the lower limbs. If the
passengers assumed a position as recommended bil
the British Midland Safety Instruction Card (Fig.2Z)
they were classified as adopting a braced position.
Those passengers failing to adopt such a position
but bracing in somne other manner were described
as partiaily braced. Those passengers remaining
seated upright were described as unbraced.

2.2 fmpact Testing:

Impact testing was performed at the R.AF,
Institute of Aviation Medicine, Farnborough. Thz
impact facility comprised a wheeled vehicle
running on a track 46m long. The vehicle is
initially accelerated by stretched bungee cords
attached to a bogey. The vehic'e coasts
immediately prior to the impact.

A multiple row test fixture was selected using seats
from G-OBME mounted at a 32 inch seat pitch
(Fig.3). Plasticine to a depth of 0.8cm was placed
on the posterior spar and the back of the knee
panel of the seat in front. Seats were orientated in
a Gx plane to simulate -Gx horizonta! impacts. An
instrumented, Hybrid III, 50%, anthropomorphic
test device (A.T.D.) was used as the experimental
model. It was placed in the rear of the two row
configuration and in the outside seat to enable data
collection. A 50% OGLE dummy was placed in
the outside seat of the forward row of seats in
front of the Hybrid III A.T.D.

The vehicle was fitted with an accelerometer to
record the input acceleration of the test fixture.
Further accelerometers were placed in the pelvis of
the Hybrid lll AT .D. to measure -Gx and +Gz
accelerations. Lap belt loads were measured with a
re-calibrated force link attached in series to the
ap belt. Knee shear data was recorded for both
knees. Pelvis, thigh and ankle displacement data
was recorded using the Selspot Motion Analysis
System. All impacts were recorded on a hig
speed video camera system.

The effects of the brace position, lower limb
placement and lap belt tension were investigated at
vehicle -Gx accelerations of 9,16 and 20G. For
each of the designated G levels eight experimental

conditions were tested. These eight conditions
were randomised within each G level. Each
experimental condition was repeated five times
and turther randomised within each G level. In
the braced position the dummy was bent forward
until the head was in contact with the seat in
front. In the unbraced position the A.T.D. was sat
upright in the seat. Two lower limb positions
were identified: i) feet forward at an angle of 20
degrees to the vertical and ii) feet back at an
angle of 12 degrees to the vertical. The dummy’s
knees were separated by 4 inches. The dummy
was restrained using one of two lap belt tensions,
20 pounds and 40 pounds. The tension was set
using a spring balance.

3. RESULTS:
3.1 Clinical Review:

Lower Limb Fractures: )
237 pelvic and lower limb injuries were sustained
by the occupants of G-OBME, w..h 142 of these
injuries occurring in the survivors (Fig.4).

There were 35 femoral fractures in 31 people (19
survivois and 12 victims) distributed throughout
the aircraft.

In areas of extensive siructurai damage (fore and
aft sections) passengers suffered compound
comminuted types of fracture as a result of
disintegration of the air frame, secondary impacts
and crushing (Fig.5). The incidence of fractures
in the non-survivors was reported to be lower
thar for the survivors. This may be true but more
likely represents some under-reporting at post-
mortem and underlines the desirability of
radiographic examination of all crash victims.

In the central section of the aircraft, structural
damaFe was limited and the seating remained
largely intact. For occupants seated in this
section, a good data set was available with x-ray
documentation of their injuries. Therefore, for the
purposes of this review, attention has been
directed at this group of passengers.

Fracture Types:

There were 10 femoral fractures in 9 passengers
seated in this section of the aircraft. Many were
proximal femoral fractures. Fracture types
included, transverse, transverse with butterfly
fragment, oblique and spiral fractures suggesting
that one simple mechanism of injury could not
fully explain all fractures.

Soft Tissue Injury and Fractures:

If axial loading of the femur was a primary
fracture mechanism then one would expect
evidence of soft tissue injuries around the knee,
indicating impact. Fig.6 shows that in the central
section of the aircraft, 16 of the 38 occupants
sustained soft tissue injuries around the knee. In
those 16 passengers only 4 sustained a femoral
fracture. This compares” with 7 femoral fractures
in the remaining 22 passengers with no evidence
of soft tissue injury. Thus there appears to be no
relationship between soft tissue witness marks
around the knee and femoral fracture.

.



Anthropometric Measurements and Injury:
Similarly with axial loading it would be expected
that patients with a greater than average buttock-
knee length would show an increased incidence of
soft tissue injury around the knee. This was ‘ot
the case (Fig.7).

However, an increased buttock-knee length was
associated with an increase in the rate of femoral
fracture (Fisher Exact Test p= 0.344)

Bracing and Fractures:
Six of the nine femorai fractures occurred in
individuals who adopted a braced position, with
one occurring in a partially braced occupant and
two in patients who were unable to recollect the

osition that they adopted at the time of impact.

is apparent increase in the incidence of femoral

fractures associated with the braced position is not
statistically significant (Fisher exact probability test
p=0.6849¥.

Seat Damage and Femoral Fracture:

There was ar association between the incidence of
femoral fractures and seat position. Of those 6
~assen%ers sitting in a central seat row, 4 sustained
emoral fractures. This compares with five femoral
fractures in the remaining 32 patients not seated in
a_central seat. This difference is statistically
significant (Fisher exact test p=0.0398).

3.2 Impact Testing:

Motior of the Dummy:
Review of the high speed video recordings made it
jpgarent that on no occasions, at a 32" seat pitch,
1d knee contact occur with the back of the
forward seat (as evidenced by the lack of
indentation in the plasticine).” This suggests that
significant axial loading of the femur does not
occur as a result of knee impact with the seat in
front, in this test configuration.

Flailing of the lower liiabs under the seat in front
was shown not to applly in all situations.
Positioning the lower leg such that it lies 12
degrees behind a line drawn vertically through the
knee prevented flailing of the lower feg in all the
experimental conditions.

Horizonial knee dis?lacement increases with
increasing -Gx acceleration and with decreasing
Ia& belt iension. A maximum knee displacement of
19(cm) occurred at 20G, indicating that on impact
the femur translates forwards such that the
proximal femur ¢~mes to lie over the front spar of
the seat.

Vertical knee displacement was greater when the
legs flailed (maximum =126mm +/- 4mm) than
when they did not (45Smm +/- 26mm). High speed
video showed that with increasing knee
displacement the thigh imﬂ\qges over the front seat
?par to a greater degree. This suggests that the
emur may be loaded over the front spar especially

when leg ail occurs.

4, DI

The accepted mechanism of injury to the femur is
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described below. On impact a passenger seated in

an intact region of the aircraft is propelied

forwards. The knees strike the bottom of the seat

in front causing injuries to the knee, upper tibia

and lower femur. The impact forces are then

transmitted _ln%) the femur driving it backwards into

the pelvis. This is saic to lead to femoral shaft

fractures, hip dislocatioas, acetabular fractures

and pelvic shear fractures. 1

Evidence provided from the clinical review of
passengers seated in the middle section of this
aircraft and from impact testing svggests that this
may not be the case as:

1) Differing fracture types were found including,
transverse, transverse with butterfly fragment,
oblique and spiral fractures. This suggests that no
one simple mechanism of injury explains all
fractures. .
Transveise fractures are Hroduced by bending or
flexural load. The butterfly fragment transverse
fracture is a variation on this theme with the
added element of compression in conjunction with
bending. Oblique fractures are produced by a
combination of torque and compression. Spiral
fractures indicate a torque mechanism.
Comminuted fractures with multiple bone
fragruents are usually seen as a result of high
energy transfer with the load concentrated over a
small area.

2) Soft tissue injury around the knee was not
associated with femoral fracture or an increased
buttock-knee length.

3) Impact testing has demonstrated that knee
impact did not occur with the back of the seat in
front in any of the cxperimental conditions.

From the clinical review the following facts
emerge:

1) The typical femoral fracture was proximal.

2) There was a significant increase in the
incidence of femoral fracture in the central seats
of a row. In these seats the front spar is supported
more rigidly.

3) In the outside seats the front spars
demonstrated bending.

4) There was an increase in the incidence of \
femoral fractures in people who adoptad a braced

osition and in those with longer than average

emurs although these differences were not
statistically significant.

From impact testing the following facts emerge:

1) The lower limb and pelvis appears to be loaded
at 3 fixed points;

a) the lap strap

b) the front spar of the seat

c) the posterior spar of the seat in front.

2) On impact the body is translated forwards such
that the proximal femur comes to lie over the
front spar of the seat.
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3) Hyperextension of the knee occurs when the
lower legs flail and vertical knee displacement is
greatest in this situation.

These facts suggest that a bending mechanism nay
be important in the production of femoral
fractures.

It appears that on impact the slack in the lap belt is
taken up and the pelvis is loaded. The femur
translates forwards so that its proximal portion
comes to lie over the front spar of the seat. The
distal femur is loaded as it passes under the
posterior ggar of the seat in front and the loading
1s increased by flailing of the lower legs (Fig.8).

This proposed mechanism would exPlain why
femoral fractures were predominantly proximal
anu why transverse fracture patterns were seen.
Moreover, bending failure of the front spar

would introduce an element of rotation or torque
into the fracture mechanism thereby accounting for
some of the other fracture types seen.

The increased incidence of femoral fractures in
those individuals seated in a central seat can be
attributed to the increased rigidity of the front spar
in this location.

There was an increased incidence of femoral
fracture in those who adopted a braced position. It
is interesting that at impact testing, vertical knee
displacement was seen to be greatest in the braced,
legs forward, position perhaps indicating greater
loading of the thigh.

Furthermore, clinical review suggests that those
individuals with longer than average femurs
sustained more femoral fractures. If a bending
mechanism is relevant then with a longer lever an
increased bending moment will be experienced and
hence fractures would be more likely.

These experiments suggest that axial loading is not
the primary mechanism causing femoral fractures
in the seated occupants of an impact air crash.

Instead a bending mechanism appears to be
involved where the proximal femur is loaded over
the front spar of the seat.

This research raises several important questions:
1. Does a bending mechanism explain the pattern
of femoral fractures seen in the seated occupants
of an aircraft crash?

2. What effects do changes in body posture have
on the loads produced in the lower limbs. In
particular, bracing with the feet forward leads to
an aPparent.increase in femoral fractures. Is this a
result of flailing.

If fiailing does not occur with different placement
of the lower limbs then how will this effect the
loads acting on the femur and what are the
consequences in terms of gossmle other injury
patterns for the lower limb.

3. What is the optimum brace position for an
aircraft crash?




FIGURE 1:

Major Injuries in Survivors

of the M1 Aircrash
(For 87 Patients Surviving the Crash)

INJURY No
HEAD 43
THORACIC 23
ABDOMINAL 2
SPINAL 24
PELVIC/LOWER LIMB | 142
UPPER LIMB 59
FIGURE 2: Brace Position

From British Midland Safety Instruction Card 1989
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M1 Aircrash :

Lower Limb Injuries
(Total of 237 Injuries in all Occupants)

REGION NUMBER(%) PEOPLE(%) % COMPOUND
PELVIS 32 (13%) 32 (25%) 0%
FEMUR 35 (15%) 31 (25%) 3%
KNEE 23 (10%) 22 (17%) 35%
TIBIA 69 (29%) 54 (43%) 64%
ANKLE 50 (21%) 42 (33%) 54%
FOOT 28 (12%) 23 (18%) 46%
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FIGURE 6:

Soft Tissue Witness and the Presence
of a Fracture Associated with Axial

Loading
YES NO
FEMORAL SHAFT YES 4 7
FRACTURE
NO 12 15

Fisher p=0.6849



FIGURE 7:

Buttock - Knee Length
and Soft Tissue Injuries

Around the Knee

GREATER LESS | UNKNOWN
THAN MEAN | THAN MEAN
SOFT
TISSUE YES 4 ° 3
INJURY
AROUND NO 8 8 6

KNEE

Chi-square p=0.505
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Occupant Simulation as an Aspect of
Flight Safety Research
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P.O. Box 6033

2600 JA Delft, The Netherlands

ABSTRACT

In the field of flight safety rescarch there is a growing interest
for mathematical simulation of human responsc and injuries
associated with survivable aircraft accidents. A mathematical
tool can be very helpfui to evaluate and improve on-board
restraint systems or to assess the effectiveness of different seat
designs. The passenger bracc position, being a human factor,
can be evaluated cfficiently as well.

MADYMO is a well accepted integrated multibody/finite
element program for Crash Victim Simulation. Recently the
two-dimensional version of MADYMO was successfully
applied for reconstruction of seat and passenger behaviour
during the M1 Kegworth air accident. In this paper a brief
description of MADYMO as well as three flight safety appli-
cations are presented. Special attention is given to the applica-
tion concerning a dynamic scat test involving a soth percentile
Hybrid Il dummy and a P3/4 dummy, representing a ninc-
month-old child, seated in a child seat. The MADYMO modcl
used for this application was validated on the basis of sled test
results. It can be learned that MADYMO is capable of pre-
dicting passenger and scat response in an aircraft crash
environment. A discussion on future developments in this
field concludes this paper.

INTRODUCTION

In safety research the simulation of crashes is of vital impor-
tance in order to evaluate and improve safety devices and
human body surroundir gs. Most of this work is done experi-
mentally with instrumented dummies or human cadavers.
Occationally animals or human volunteers are used. During
the past years a strong increase could be observed in the use of
computer simulations due to both the fast developments in
computer hardware and simulation software. Simulation pro-
grams can contribute significantly to the insight into impact
behaviour of complex dynamical systems, particularly if
models are used to complement experimental work.

Examples of computer simulation programs for aircralt crash
safety analyses are KRASH, SOMLA/SOMTA (Semt
Occupant Model-Light Aircraft/Seat Occupant Model-
Transport Aircraft) and ATB (Articulated Total Body). The
program KRASH uses masses interconnecied by massless
beams and springs to model the crash behaviour of aircraft
structures, while seats and passengers can be represented by
mass-spring systems in order 1o obtain a rough indication on

the injuries sustained (9,13]%. Figure 1 shows a KRASH
model of a helicopter. The programs SOMLA and SOMTA
combine a three-dimensional multibody model of aircraft
occupunts with a finite element model of the seal structure
{3.14]. SOMLA models a single occupant, whereas SOMTA
has the capability to model up to three passengers. Only a
fixed number of segments can be specified for representation
of the occupant in SOMLA/SOMTA. The ATR program is
based on the CAL 3D multibody model for crash victim simu-
lation in the automotive ficld [1]. Several modifications were
introduced, ¢.g. the capability to apply acrodynamic forces to
the human body.

Fig. 1 KRASH model of a helicopter [13)}.

Due 1o modification of the Federal Aviation Regulations
(FARs) in view of an increased on-board passive safety level
and the growing awarencess that a notable high percentage of
atreraft crashes are survivable nowadays, the aeronautics
industry starts to usc advanced simulation tools which are cus-
tomary in the automotive industry. Among these tools are
several explicit finite element codes, especially useful to
determine the crash behaviour of aircraft structures, and the
integrated multibody/finite eclement program for crash
analyses MADYMO. The main emphasis of this program is
the prediction of the kinematics and dynamic behaviour of
crash victims. Recently the two-dimensional version of this
program was successfully applicd for reconstruction of seat
and passenger behaviour during the M1 Kegworth air accident
[H0.11].

Numbers in parcntheses designate references at the end of
pitper.
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In this paper first a bricf description of MADYMOQ is giver as
well as an overview of available crash dummy databascs.
Than some earhier MADYMO flight salety applications will
be discussed, namely the in-flight escape of a crew member
from the Space Shuttle and a three-dimensional simulation of
seal and passenger behaviour during the M1 Kegworth air
accident. A third more recent example to be presented con-
cerns the simulation of a dynamic scat test involving a soth
percentile Hybrid Il dummy and a P3/4 dummy. representing a
nine-month-old child, scated in a child restraim sysiem.
Simulation results obtaincd from this example will be com-
pared with the actual sled test results. Different concepts for
modelling the scat structure will be addressed. A discussion on
the possible contribution of computer simulations 1o the over-
all flight safety problem and future MADYMO developments
concludes this paper.

MADYMO

MADYMO is a world-wide accepted enginecring analysis
program, developed by the TNO Crash-Safety Rescarch
Centre, for the simulation of systems undergoing large dis-
placements. The program has been designed especially for the
study of the complex dynamical response of the human body
and its environment under extreme loading conditions like
they occur in crash situations. But also for other dynamic
events, like the simulation of vehicle riding and handling the
program has been applicd succesfully. MADYMO combines
in one simulation program, in an optimal way, the capabilitics
offered by the multibody approach (for the simulation of the
gross motion of systems of bodies connected by complicated
kinematical joinis) and the finite element method (for the
simulation of structural behaviour).

The multibody part of the program uses a relative deseription
for the kinematics of systems of bodies. The gencration of the
equations of motion is bascd on the principle of virtual work
in combination with a recursive algorithm for the motion of
the bodies. This formulation offers a very versatile and eco-
nomical way for the description of the motions in arbitrary
kinematical joints. Figure 2 illusirates a number of standard
joints available in MADYMO (version 5.0). In addition 10
these joints a user can define new joint types by means of user
defluicd .outines.
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Fig. 2 Standard 3D kinematic joints in MADYMO.

To the bodies cllipsoids or planes can be connected for contact
interaction with other bodics and the environment. Moreover a
library of force models is available including, for instance,
belt models, airbags and scveral Lypes of spring and damper
elements 4.

For the simulation of structural deformations the multibody
clements can interact with structures modelled with finite ele-
ments. Triangular membrane clements of constant thickness
with special material models for fabrics have been imple-
mented for the simulation of airbag dynamics (see Figure 3)
18,15.16,18]. In addition intcrfaces are available between
MADYMO and the explicit FEM codes PAM-CRASH, LS-
DYNA3D and DYTRAN for integrated human body-vehicle
structural crash analysis [7].

Fig. 3 Example of coupled MADYMO multibody/FEM
simulation.

MADYMO as an injury biomechanics program offers, in
addition to standard output quantities like displacements and
acceleratuons, which can be visualized through advanced ani-
mation and time-history programs, the possibility to calculate
mjury criteria like femur and tibia loads, internal joint loads,
HIC, SI, TTI, and V*C.

LR
Hybrid I1

EUROSID

SOt &ile
Hybrid {11

|’3/4 P3

Fig. 4 Some of the standarc crash dummy databases

available in MADYMO.

An important requirement for an effective use of computer
models in the field of crash simulations is that reliable well
validated descriptions for the human body are available.
MADYMO offers a number of standard databases for crash
dummies [5]. Some of them are illustrated in Figure 4, i.e.



models for the nine-month (P3/4) and three-year-old (P3)
TNO child dummics, the 504! percentile adult frontal impact
dummies Hybrid II and Hybrid Il and the European side
impact dummy EUROSID. Databases for the USA side impact
dummy SID, and the 5'". and 95th percentile Hybrid 111
dummies are available as well. In addition to crash dummy
databases also capabilities are offered in MADYMO 1o
generate real human body antropomeltry and mass distribution
data.

EARLIER MADYMO FLIGHT SAFETY APPLICA-
TIONS

Among the MADYMO applications and validation studies
published in the past [12] are simulations of occupants in
frontal and side impacts, pedestrians and cyclists hit by a pas-
senger car front, wheelchair occupants during transport, a
child in a child restraint system, simulation of human body
segments in a crash environment and evaluation of sports pro-
tection devices. In addition, several studies were carried out
on truck driver safety, pedestrians and cyclists contacting a
truck front or various side structures of the trailer and motor-
cycle simulations.

In this paper first two earlier flight safety applications will be
briefly discussed; an in-flight ¢scape of a crew member from
the Space Shuttle and the three-dimensional seat and passen-
ger behaviour during the M1 Kegworth air accident.

Space Shuttle escape

The simulation concerns the in-flight escape of a Space
Shuttle crew member [2]. One of the potential methods
evaluated by NASA 1o obtain a safe escape from the Space
Shuttle made use of a tractor rocket escape sysiem. The astro-
naut is laying backwards on a horizontal ramp with his feet
placed on a vertical foot plate. A small hatch at the side of the
Space Shuttle is available for the escape. The crew member
harnass system is connected to the tractor rocket by means of
an elastic rope, further referred to as pendant line. After ¢jee-
tion of the tractor rocket the pendant line will become
stretched and the astronaut is pulled through the hatch

opening.
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Fig.5 Space Shuttle escape simulation.
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Anthropometry, mass distribution and joint properties of the
astronaut model are based on a SO0 percentile Hybrid !
dummy. Ac¢rodynamical forces on the astronaut are described
as an acceleration field. The propulsion foree on the rocket is
estimated. The pendant line is simulated by a spring-damper
clement, both clastic and damping properties are estimated as
well. The Space Shuttle itself is represented by a number of
contact planes to study the interaction with the astronaut.
Figure 5 presents the simulated astronaut and rocket locations
during the first 700 ms. By means of the developed model, the
influence of different parameters like body size, initial
position, pendant line stiffness and pull angle on the astronant
response can be investigated.

Alrcraft seat and passenger behaviour during a crash

On the night of Sunday the 8t of January 1989 a Boeing 737-
400 crashed on the M1 motorway near Kegworth in England.
Of the 126 passcngers on board 79 survived the accident. A
comprehensive investigation into the cause and effects of this
accident was carried out by a study group of representatives of
various organisations. Besides structural, medical and survival
aspects atiention was paid to the reconstruction of the accident
by mecans of computer simulations. The aircraft overall
behaviour during the crash was simulated by Cranfield Impact
Centre Lid. with the program KRASH. From this simulation
movements in time and deceleration pulses of different aircraft
sections were obtained [9]. The movement and deceleration of
the mid section were used as input for MADYMO 2D,
alle-ving an analysis of scat and passenger behaviour during
the crash. As a result of this analysis, which was performed by
HW Structures Lud., possibie injury mechanisms could be
identified [ 10,11}. The inluence of different passenger brace
positions on the injurics sustained was studied as well.

The three-dimensional simulation presented here is based on
the MADYMO 2D simulations; in fact all input data originate
from a Civil Aviation Authority report prepared by HW
Structures Lid. [6). Figure 6 illustrates the simulated passenger
kinematics. Two aircrafi seats behind each other are occupied
by soth percentile Hybrid 11T dummies, both dummies are
restrained by a regular lap belt. Floor and bulkhead rotation is
prescribed in the MADYMO input dataset. A seat is defined
as a separate system composed of two elements, for represen-
tation of scat cushion and seat back respectively. Both seats
are attached to the floor by means of point-restraints, four
point-restraints are used for cach seat. This model set-up
allows for attachment deformation to be taken into account,
morcover the seats can easily be moved in the model. Gravity
combined with longitudinal, vertical and lateral crash pulse
components are applied. As can be learned from Figure 6,
quite severe head impact oceurs for both passengers when
scaled inan upright position initially.

DYNAMIC AIRCRAFT SEAT TEST

A dynamic aircraft seat test was performed by TNO. This test
was carried out in accordance with FAR regulations (Part 25).
To account for the effects of Noor deformation that may occur
during an accident, this regulation prescribes the track on one
side of the scat 1o be rotated 10° about the lateral (pitch) axis
and the other track to be rotated 10° about the longitudinal
(roll) axis, as illustrated in Figure 7. For the test the seat legs
were fixed 1o a Nat steel plate (via the original floor tracks)
instead. Figure 8 shows the imitial test set-up. The double-seat
is occupied by a SO percentile Hybrid 11 dummy and a P3/4
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Fig. 6 Simulated seat and passenger behaviour during an aircraft crash.

child dummy in a child seat. Both soth percentile Hybrid 1
dummy and child seat are restrained by the standard lap belts
during the test. The soth percentile Hybrid 1T dummy was not
equipped with a lumbar spine load cell as prescribed in the
regulations, since no potential for spinal injuries was
anticipated. The double-seat was rotated 10° relative to the
acceleration direction of the HYGE sled. Figure 9 shows the
acceleration pulse of the sled. As can be scen in this figure the
acceleration pulse applied differs only slightly from the ideal
triangular pulse as included in the FAR dynamic test
requirement. No seat structural deformations of importance
could be identified after the test (sec Figure 10). Note that the
cover of the right armrest has been removed in this figure. The
sled test, as described above, was simulated utithzing the
MADYMO 3D program.

Model set-up

The MADYMO 3D model set-up is given in Figure 11. The
double-seat is represented by a system composed of three
elements, for modelling seat cushion and both scat backs
respectively. Since a similar seat design was tested as the scats
on-board of the Boeing 737-400 crashed near Kegworth, most
input data was derived from the Civil Aviation Authority
report prepared by HW Structures Lid. [6]. Only a few
additional measurements were carried out in order 10 obtain
missing information.

Fig. 7 Floor wraping conditions according to FAR (Pan
25, test 2) [14].
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Fig. 10 Seat structure after the test.
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Fig. 11 MADYMO mode! set-up for dynamic seat test
simulation.

Validation study

Figure 12 shows the simulated kinematics of both dummies
and the child seat (note that higher order ellipsoids are
visualized as 2" order ellipsoids in this figure). The valida-
tion study presented here will focus on the behaviour of the
soth percentile Hybrid Il dummy. When comparing the simu-
lated kinematics of this dummy with the kinematics observed
during the sled test, 1t can be learned that the computer model
predicts a shightdy oo fast forward maotion of the upper part of
the body. In the simulation the Hybrid 11 dummy does not
touch the seat front tbe, which could explain why no defor-
mations of the front wbe could be identified after the actual
lest.

The simulated acceleration components of the Hybrid 1T lower
torso and head are compared with the accelerations measured
during the experiment in Figure 13, whereas Figure 14 com-
pares the simulated and experimental lap belt forces. These lap
belt Torces were recorded at the left and right side of the
dammy pelvis, In general a fairly good correlation can be
abserved between simulated and experimental signals. The
peak at 140 ms in the lateral and vertical component of the
lower torso acceleration signal is probably due 1o contact with
the armrest when the dummy rebounds from the seat. The
magnitude of the belt forees is correct, however, the curve
shapes could be improved further by taking into account the
deformation and rotation of the helt anchor points.

GENERAL DISCUSSION

Since its appearance on the market the MADYMO program
has been continuously modified and improved. In its present
form the program appears o be a very uscful tool 10 users al)
over the world for simulation and analysis of human body
behaviour during a crash or impact. Although primarily used
{or automouve salety applications. the acronautics industry
shows anincreasing interest as well. A lot can be leamed from
knowledge and techniques which are common use in the
automotive ndustry, such as energy absorbing interior
paddings, seat belts, child restraint systems or airbags. Weight,



Time: 60. ms Time: 90. ms

Time: 120. ms Time: 150. ms

Fig. 12 Simulated kinematics.
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Fig. 14 Comparison between simulated and experimental forces in the belt restraining the Hybrid Il dummy.

however, is always  a complicating factor in this. For energy
absorbing constructions often additional matenial is required, a
strong reaction surface or structure is often desireble as well.
A strong floor structure for example 1s an important starting
condition for improving passenger safety on-board of civil
aircraft. Arother step could be o adjust the scat breakover
stiffness, to incorporate an energy absorbing structure in the
back of the lower end of the seat back and to cover hard parts
-« ich could interact with the occupant lower extreniities with
a padding. Special attention should be paid 1o passengers
facing a bulkhead or galley. tlight attendant (rxarward facing)
seats, pilot interaction with the environment, on-board child
scats and equipment restraints.

From the rescarch presented it can be leamed that the current
MADYMO version is suitable for simulating aircraft scat and
passenger response during an actual crash or standard dynamic
seat test. Since no seat structural deformation of importance
was observed after the dynamic seat test presented here and no
pre-deformed state for the seat legs was intaed (as
prescribed in FAR Part 25) to start with, 1t was decided 10
model the lower part of the scat as a rigid body. When there is
a predominant impact load component in the vertical diree

tion, as i the "14 G dynamic scat test”, a considerable
deformation of the seat front tube and/or seat legs s likely
oceur. i the latter case the lower part of the scat can be
modelled with several rigid clements interconnected by joints,
For this purpose the stiffness properties of structure com

ponents have 1o be translated into joint propertics. The same
holds for a pre-deformec state of the seat legs Figure 1§
illustrates a possible sct-up for a deformable seat model,
including four different joint types. Figure 16 shows an other
example of this so-called lumped mass modelhng tlechmque. a
model of the side-structure of a passenger car. This model win
used to evaluate the effcet of vehicle modifications on the
injuries assessed by the EUROSID-1 dummy sitting i the cur
[17).

. transiational joint

. revolute jont
universal joint
spherical joint

U

Fig. 15 Possible MADYMO model set up foi a de-
formable aircraft seat.

Instead of the lumped mass appreach for representation of
structural deformations, a finite ¢’ *ment model can be used.
This approach has the advantage that deforming suctures can
be analvsed more in detail, a disadvantage obviously is the
fact that input file generation as well as the calculation 1tself
tstke more time. So, parametric studies become more labo-
rious. Future developments in both the multibody and finite
clement part of MADYMO are directed 10 offer the user an
optinmial anaiysis taol i this respect
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Fig. 16 MADYMO representation of the side-structure of a passenger car.
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SUMMARY

Numerical simulation can play a key role in design
for crashworthiness and accident investigation.
This paper presents recent work in the develop-
ment of occupant simulation techniques for the
automotive industry, and describes how the same
techniques may be applied to aircraft
crashworthiness

1.0 INTRODUCTION

In the automotive industry, recent work has
focused on the development of an integrated
approach to vehicle crashworthiness and occupant
protection. Previously, several different analytical
approaches were used during the design process.
Lumped parameter, framework, finite element
continuum and occupant models were all
developed using different software packages.
Frequently, different expert analysts were needed
to drive each code and there was no means of
establishing continuity or comparability between
the different types of model.

Where occupants and structure are treated
independently, however, a fundamental difficulty
exists the two systems interact in reality, and it
is technically incorrect to mode! them separately.
This is particularly true of vehicle side impact, in
which the occupant interacts with the interior of
the door structure. In vehicle frontal impact,
knee-bolster design requires careful consideration
of how the legs of the occupant influence the
deformation of the bolster. Airbags provide a
further example: the loading on the occupant
arises from complex interactions with the bag.

This paper illustrates how one single computer
program, OASYS DYNA3D, can now be used in a
realistic fashion to address all of the important
aspects of impact in a single three-dimensional
simulation. Extensive quantitative correlation has
been carried out against vehicle sled tests and the

most useful results are summarised.

The techniques described below can aiso be
applied to the aerospace industry. They may be
used during the design process to optimise
occupant protection features, and they may also
be used during accident investigation to analyse
the causes of occupant injuries.

OASYS DYNA3D (Ref 1) is based on the LS-
DYNA3D program developed by Dr J O Hallquist
(Retf 2). Dr Haliquist's ploneering work with LS-
DYNA3D has been adopted by automotive
manufacturers world-wide for crashworthiness
applications. OASYS DYNA3D and its pre- and
post-processors are Quallty Assured and contain
a number of unique features purpose-written for
occupant-related analyses, e.g. occupant
positioning software and new seat beit algorithms.

2.0 OCCUPANT MODELS

The use of numerical models for the analysis of
occupant response is well established. The most
common representation of a dummy is as a series
of rigid ellipsoids. This section describes how
recent work has developed structurally faithful
models of biofidelic dummies.

2.1 Rigid Eliipsoid Models

In the simplest analytical simulations, occupants
are often modeiled as a series of rigid bodies
representing head, neck, upper torso etc., linked
together to form a mechanism. The rigid bodies
are commonly ellipsoidal.

it is straightforward to represent occupants in this
way using OASYS DYNAS3D, since all the requisite
features (rigid bodles, Joints and rotational springs
and dampers) are available. Flgure 1 shows an
OASYS DYNA3D ellipsoidal model of a standard
automotive Industry dummy (HYBRID ). The
geometry, masses and inertias have been taken
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from published data (Ref 3).

The eltipsoidal representation does, however, have
disadvantages when interaction with restraint
systems is considered Belts or harnesses can
slide off ellipsoids too easily or even become
stuck in the ‘valiey’ between tvo ellipsoids

2.2 Geometrically Accurate Models

OASYS DYNA3D places no restrictions on the
geometry used to build an occupant model, and
the occupant 'limbs' do not have to be ellipsoidal.
More accurate representation of a dummy's
surface geometry is easily implemented, and the
authors have developed a family of HYBRID lii
dummy modeis using data digitised from the
dummies themselves. Figure 1 also shows three
of the OASYS DYNA3D HYBRID Il occupants - a
large male (95th %ile), standard male (50th %ile)
and small female (5th %ile). Intermediate sizes
may also be generated.

Modelling of the dummy's correct surface
geometry allows improved Interaction with
restraint systems. Sliding of a belt over the
shoulder, for example, can be modelied more
accurately.

2.3 Blofidelic Models

Although representation of the occupant as a
series of rigid bodies is sufficiently accurate for
many applications, there are occasions when a
more rigorous modeliing approach is required. In
vehicle side impact, for example, the compliance
of different dummy components is extremely
important. Injury criteria can only be predicted
with confidence if the internal structure ot the
occupant is modelled.

In a recent programme of work sponsored jointly
by the Transport Research Laboratory and Ford
Motor Company Ltd, the authors have deveioped
an accurate, validated numerical model of the
EUROSID 1 side impact dummy Figure 2 shows
the OASYS DYNA3D maode! of the dummy. The
model is significantly more complicated than the
rigid surface dummies shown in figure 1. Those
components which are likely to deform during the
side impact event have been modelled as non-
rigid elements. (It is worth mentioning that
OASYS DYNA3D was originally developed as a
general finite element program for the dynamic
analysis of non-linear three-dimensional
structures, and has a wide range of models for
deformable materials).

The development methodology used was to start
with modeis of individual components, and to
calibrate each component model against test data.

An example of this is shown in figures 3 and 4.
Rib injury Is common in side impact events, and
the EUROSID dummy has three separate tib units
used 1o assess rib injury criteria. Figure 3 shows
the finite element model of an impact test on a
single rib assembly, and figure 4 shows the
response of the rib under impact. In cases where
existing test data was inadequate for correlation
purposes, further tests were commissioned.

Once satisfactory performance was obtained from
the component models, they were combined to
form the complete dummy model. A further set of
correlation exercises was then undertaken,
including sled, impactor and drop tests. These
allowed the interaction between components to be
calibrated.

Figure 5 shows the simulation of a typical
impactor test on a complete dummy model. The
occupant is oriented in a seated position and
struck by an impactor moving laterally. Figure 6
compares the predicted rib acceleration with test
data. These results, used to assess TT! (Thoracic
Trauma Index) injury criteria, could not be
obtained in this way by use of a rigid body
representation of the dummy.

3.0 RESTRAINT SYSTEMS

New algorithms have been written for OASYS
DYNA3D to represent seat belt systems including
sliprings, retractors and pretensioners. These
were written with automotive applications In mind,
and have been used extensively in vehicle
crashworthiness projects. They can, however, be
used for any belted restraint system such as a
pilot harness or airline passenger lap belt.

The features can be included in simulations with
negligible increase in computing execution times.
This section describes the new features.

3.1 Belt Webbing

The beit webbing is represented by a series of
one-dimensional tension only elements, with user
defined force-elongation characteristics for
loading and unloading. These characteristics may
be derived from dynamic tests performed in the
laboratory.

3.2 Sliprings

Sliprings play an important part in the performance
of the belt. Material feeds through trom the
retractor section into the shoulder section, and
from the lap section into the shoulder section, so
motion at shoulder level resuits in tensioning of
the whole belt including the lap section. For this



reason it is inadequate to mode! the belt simply as
a spring element attached to the D-ring and
shoulder, the process of feed-through must be
included A slipring feature has been added to
OQASYS DYNA3D 1o represent this  belt elements
can pass through the slipring, resisted by friction

3.3 Retractors

The retractor adds significant compliance to the
belt system: even when an inertia-reel retractor
locks, webbing can still be drawn off the drum due
to film spool effect.

The retractor feature in OASYS DYNA3D aliows
material to be fed from the retractor into the belt
or reeled back into the retractor from the belt.
Before locking, material is reeled in under
constant tension, this allows initial form-finding to
take place Once locked, webbing may be pulled
out according to a user-defined force vs pull-out
curve.

3.4 Pretensioners

Pretensioners tighten the seat belt during the
initial phases of a crash.  There are two main
types: those that act to rotate the reel of the
retractor, and those that act to move the stalk
anchorage rearwards.

In  OASYS DYNA3D, both types can be
represented. The retractor type is simulated by
entering a pull-in vs time curve, while the stalk
anchorage can be moved using a preloaded spring.

3.5 Weblockers

A pair of toothed cams grip the belt near the
retractor to limit compliance due to spool-out.
These devices are simulated by entern.3 a stiffer
characteristic for retractor pull-out.

3.6 Tearwebs

A length of belt is sewn up concertina-style, when
the force reaches a given level the threads pull
out, resulting in a controlled dissipation of energy.
These features may be modelled by adjusting the
stretch characteristics of the beit elements at the
tearweb

3.7 interaction with Occupant

Contact between belt and occupant is achieved
using the standard OASYS DYNA3D contact
algorithms. In this way, sliding of the belt over the
chest or off the shoulder can be represented.
Surface stif'nesses are adjusted to represent the
compliance of the different body regions of the
dummy.

4.0 A!RBAG MODELS

Airbags are becoming increasingly common in
automotive vehicles, especially in the United
States of America. They are aiso found in some
aircraft, particularly helicopters.

This section describes the approach to airbag
modelling that has been adopted.

The principal concern has been to avoid excessive
computer run times: since the models are
intended to be used as a design tool, fast tum-
around time Is a big advantage. The number of
elements used to represent the airbag must be
limited to a few hundred, and consequently the
unfolding process (which typically requires several
thousand elements) camnot be simulated.
However, In the majority of cases interaction
between bag and occupant does not commence
until the bag is fully inflated so the unfolding
process need not be modelled. The approach
employed by the authors has been 1o use a
coarsely meshed pre-inflated airbag.

When the occupant is out of position and interacts
with the airbag as it unfolds, a finer mesh is
required. Hallquist (Ref 5) is currently refining the
very complex contact algorithms which are
required if this is to be done properly.

4.1 Bag Materlal

An isotropic 'smeared wrinkle' material model has
been written to represent the bag. This adopts a
simple but robust algorithm which has been found
to work well. Aithough differences in warp and
weft stiffnesses are ignored, the level of accuracy
is appropriate to the level of modelling of the
occupant.

4.2 Gas Representation

The presence of gas inside the bag is represented
by pressure applied over the inner surface.
Although OASYS DYNA3D contains the gas law
algorithms developed by Hallquist (Ret 2), at this
stage simple pressure vs time curves have been
used. The curves were derived from pressure
histories measured during actual sled tests.

5.0 OCCUPANT SPACE MODELLING

As well as modelling the occupant and safety
features such as belts and airbag, it Is important
to consider the occupant space. The deceleration
of the occupant space Is the primary input to the
crash event.

Occupant spaces may be rigid or deformable.

[ B
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Surtaces such as fioor pans, dash facia (in
automotive vehicles) or bulkheads (in aircraft)
would usually be modelled as rigid. Dedicated
energy absorbing features such as knee-bolsters
or seat pans (in vehicles) or other seats (in
aircraft) would usually be modelled as deformable.
They could be modelled explicitly using
deformable elements, or as rigid planes with user-
defined 'ride-down' characteristics.

Figure 7 shows the OASYS DYNA3D repre-
senation of the Hyge rig used in vehicle sled
tests. A small number of rigid elements are used
to provide contact planes. The whole sled Is
treated as rigid, except that the seat is free to
translate vertically relative to the sled and the
seat pan and knee-bolisters can translate normal
to their surfaces All of these relative motions are
resisted by non linear spring elements providing
the ‘ride-down' characteristics. The crash pulse
is applied as a velocity input.

This sled model was used for the correlation
exercises described in Section 6.0 below.

6.0 CORRELATION WITH TEST

Correlations have been carried out with vehicle
sled test data for the following cases:

- 30mph Beited

- 35mph Belted

- 30mph Driver side Airbag

- 30mph Passenger side Airbag

in each case results from two sled tests were
available

8.1 Belted Tests

Figure 8 shows a sequence of elevations on the
sled at 0, 60ms, 90ms and 120ms for the 30mph
belted test Correlation with test results is given
in figure 9 for chest and head resultant
accelerations, head trajectories, and forces in the
shoulder belt, lap belt and retractor. A similar
correlation exercise was performed for the 35mph
beited test

In general, results show good agreement. The
discrepancies which arise may be partly due to the
following factors:

- the chest compliance may be underestimated
thus reducing the forward motion of the head.

- contact between arms and facia at 70ms is
probably too severe. In reality the arms
strike the edges of the foam which is used In
the sled as a knee-bolster.

- the foot to floor contact is unrealistically
stiff, causing splkes in the acceleration
traces at around 40ms, particularly in the
pelvis.

The time history post-processor OASYS T/HIS
aliows filtering of results to standard
specitications (e.g. Channel fliter Class 180), and
calculation of HIC (Head Injury Criteria) and 3ms
Clip values. For example the 30mph simulation
showed HIC of 807 (against 710 and 652 from
test) and Chest 3ms Clip of 41 (against 37 from
both tests). Given the well-known variability of
HIC values these results are consldered
satisfactory.

Run time was 150 minutes on a low cost
workstation for a 140ms simulation.

8.2 Driver Side Alrbag

Elevations of the sled are shown in figure 10.
Chest and head accelerations are compared with
test in figure 11.

Correlation is good for all variables inciuding head
acceleration. The analysis took 225 minutes to
run to 140ms on a workstation. The processing
times required for these simulations would be
reduced significantly if run on a supercomputar.

7.0 FURTHER DEMONSTRATIONS

As mentioned in the introduction to this paper, a
vehicle occupant often interacts with the occupant
space in such a way that the occupant response
and vehicle structure response need to be
considered simultaneously. This is usually the
case when the compliance of the structure (e.g.
a knee-bolster) is of the same order of magnitude
as the compliance of the occupant.

Figure 12 shows examples of the integrated
approach to combined vehicle/occupant modelling.
In figure 12(a), a sled model similar to those
described in section 6.0 has been enhanced to
include a finite element model of selected
structural components. The velocity input to the
sled has been replaced by a lumped parameter
representation of the front of the vehicle, and the
single rigid plane knee-bolster has been replaced
by a detailed shell element representation. In
figure 12(b), even more of the structure has been
modelled explicitly.

Figure 13 shows a much more sophisticated
analysis, In which a HYBRID il dummy has been
included In a full shell model of the vehicle body.
A model like this typically requires many hours
processing time on a supercomputer, but allows
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the full and proper conslideration of the interaction
between vehicle and occupant.

One of the advantages of the integrated modelling
approach is the ability to develop continually an
analytical crashworthiness model as the design of
the vehicle progresses. In the initlal stages of
deslign, a simple model will allow parametric
studles to ald design optimisation. Towards the
end of the design process, full vehicle models can
support crash tests In the testing ground. The use
of one single modelling approach throughout the
design process can bring great benefits.

8.0 CONCLUSIONS

A single code, OASYS DYNA3D, which Is already
In use for vehicle structure analysis, has been
shown to be capable of delivering realistic fully
three-dimensional occupant simulations.

A broad analytical approach to occupant modelling
has been developed. For some applications, a
rigid ellipsoidal model will suffice.  When
Interaction with, for example, belt systems is
required, a geometrically accurate rigid mode! may
be used. In cases where the relative stiffness of
occupant and structure Is similar, or where the
deformation of dummy components Is used to
assess Injury criterla, a mote complicated model
is available. At all levels of complexity, extensive
correlation exercisas have been performed
successfully.

Correlations with sled test results are good for
belt and alrbag restraint systems.

Good resuits can be achleved using simple models
which take relatively little computer time, even
when airbags are Involved.

A fully integrated calculation Is possible, in which
occupant, vehicle structure, restraint system, and
the Interactions between these items are present.

These techniques may also be used for alrcraft
occupant simulation - both as a design tool to
optimise restraint systems and as an accident
'nvestigation tool to reconstruct occupant
behaviour during Impact events.
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Figure 2. EUROSID Dummy Model
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(a) Sled Test with Knee Bolster
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Figure 13. Combined Vehicle and Occupant Crash Model
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Design & Development of an Enhanced Biodynamic Manikin

Paul H. Frisch
William Boulay
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Nanuet, New York, USA 10954

Summary :

The research use of manikins for test
and evaluation of escape and
crashworhty seating systenms, life
support devices and a variety of safety
equipment 1is well documented by the
military and automotive communities.
The manikin functions to load the
aircraft or automotive seating systen,
interacting with the surrounding
environment and optimally simulates
human biodynamic response to transitory
acceleration. Ideally, the manikin
response closely approximates human
responses, enabling direct comparison
and correlation to known human test
data. However, manikins provide only a
partial correlation to humans, having
limited biofidelity and biodynamic
response. The requirement to measure
and quantify the 3D response of the
manikin  have imposed significant
electronics and instrumentation
requirments, further complicating the
attempts to provided improved
biodynamic response characteristics to
the manikin. Consequently, the new
generation of advanced manikins must
provide the biofidelity of its human
counterpart, while concurrently
supporting the instrumentation and high
density, low cost electronics to
measure and record the response
dynamics.

This publication details the design and
development of an enhanced manikin form
incorporating all instrumentation and
data acquisition capabilities to record
and reconstruct the six degree of
freedom response of the manikin. The
manikin is designed to  enhance
biofidelity and provided a three
dimensional biodynamic response,
attempting to approximate that of the
human. These objectives resulted 1in
the implementation of an
omnidirectional response flexible spine
and pelvis assembly.

Introduction:
Historical Manikin Development:

The earliest recorded testing involving
an anthropometric dummy was conducted
by Start and Roth (1944) of Dornier
Werke in the development and testing of
ar ejection seat for the DO335
aircrafrt. The dummy was a simple
wvooden form  used primarily for
ballasting the seat with representative
body weights. The GARD-CG dummies,
historically employed for escape system

testing serve more as an
instrumentation platform than a test
article to quantify seat occupant
interaction. Within the frame work of
dynamic testing  they provide a
convenient structure to mount
instrumentation and telemetry packages,
provide  ballast to alter seat
acceleration profiles and are used to
represent typical anatomical cross
sections as subjected to wind blast and
detection of deficiencies in the crew
station clearance envelopes.

The advanced manikin forms of today
(Hybrid III type manikin and the ADAM),
represent the current technology in
attempting to produce a biofidelic
human analogue. The ADAM introduced a
semi-flexible spine design, based on
the conclusion that having an elastic
spine in the vertical direction coupled
to a buttock spring assembly, as
created by a skin buttock covering
would provide adequate simulation of
the human spine to impulse loading in
the vertical direction. The  ADAM
flexible spine, consists of a linear
spring damper unit providing the upper
torsc damping, with pitch and roll
motions of the upper torso with
respect to the pelvis provided by a
lumbar articulation mechanism.

The Hybrid III type manikin is a state
of the art manikin, with human test
data available for comparison. The
Hybrid IIT has become the standard test
article at various laboratories with
promising results. The Hybrid III is a
flexible manikin capable of three
dimension response to an
omnidirectional input, consequently
exhibiting realistic interaction with
restraint and seating systems under
test. Work performed by Frisch [1,2]
details the instrumentation and data
acquisition capabilities incorporated
into the Hybrid III  along with
functional and structural tests used to
confirm manikin performance. As
reported by Frisch (3], the Hybrid III
5% female, instrumented with an Aydin
Vector MMP900 PCM system was
successsfully ejected at 725 KEAS at
the Naval Weapons Center, further
demonstrating the Hybrid IIr
capabilities.
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The Hybrid III evolution can be tracked
from the development of the Hybrid I by
GMC. Its  history, objectives and
attributes closely parallel the
advances attempting to attain a high
degree of repeatablity and improved
response. The Hybrid 1III head consists
of an aluminum shell covered by a vinyl
skin. The neck exhibits one piece
biomechanical bending and dampling
response in flexion and extension. The
thorax consists of six ribs connected
to a welded steel rigid steel spine.
The spine provides for attachment of
the neck, clavicles an the lumbar
spine. The lumbar spine is a curved
polyacrylate elastometer with molded
end plates for mounting. A detailed
description of the Hybrid III can be
found in Foster (1977) [4].

Manikin Response Requirments:

In order to accurately reconstruct te
three dimensional response of it human
counterpart the manikin must not only
support sufficient instrumentation, but
must also maintain the flexiblity to
aimic specific movement at key anatomic
locations. The review of acceleration
related injuries identifies the areas
of most concern. The helicopter
acceleration related injuries reviewed
by Shanahan, as reported by Coltman
[5], indicated the distribution of
spinal fractures were, primarily, in
the T11 to L4 region, with the highest
incidence occuring at L1. Naval
ejectior seat related injuries
(1969-1979), as reported by Guill (6]
were concentrated in the Té6 to L1
region, with principal modes at T7 to
T8 and L1. Cervical injuries
concentrated at C2, were also evident.
A detailed review of spinal trauma and
injuries from clinical and operational

statistics as summarized by Xarzarian
[7)], are illustrated in figure #1. As
indicated the injuries are distributed
throughout the neck, thorax and lumbar
regions of the spine, requiring an
improved analogue simulation than
provided by the rubber lumbar and
rigid thorax of the Hybrid III.

Consider the spine and midsagittal
plane excursions illustrated in figure
#2, as presented in the ADAM RFP [8].
The spinal contour under normal
cnpditions maintains a "S* type of
contour (a), the flexion and extension
are illustrate as (b) & (c)
respectively. One objective becomes
the simulation of this type of
response, while providing the
mechanical integrity, repeatability
(calibration) and compatibility with
the existing manikin structure.
Arnalysis of spinal contour as function
of seated position indicated a broad
spectrum of possible contours, based
type of seat and general upright or
slumpped positioning. Figure #3
illustrates the contour of the spine
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figure # 1

figure # 2

based on subjects seated in a typical
mid-size automobile as reported by
Department of Transportation (DOT) [9],
while figure #4, illustrates a upright
seated posture as extracted from a
typical anatomy textbook. Clearly, the
response of these configurations will
vary considerably under acceleration.
Based on these results a design
parameter of the mechanical spine is to
provide the capability to adjust the
contour or intial position of the spine
to conform with the seating position.
Review of the spinal response to Gz
acceleration as modelled by Beltyschko
& Privitzer [10], indicates that
spinal response is not only compressive
in nature, but also represents changes
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in contour as function of load. To
BN accurately simulate spinal dynamics the
i mechanical analogue must also account
\ for this type of response
| \ characteristic. The final parameter to
AU ) be incorporated into the spine design
o '~;/ N . requirment was axial rotation. The
! 5\7 Fy_, axial rotation of the human spine as
by = detailed by DOT data (11], indicates a
gt Vi approximate +/-~ 60 degree axial
] o Yaﬁ. response distributed along the lenght
A of the spine. In order to measure the
o spinal dynamics the instrumentation
| AU necessary to monitor the forces and
}f moments at the specific anatomic
e locations must be an integral part of
Lo, the spine design.

- The Enhanced Biodynamic Manikin:

N \ The enhanced manikin as designed and
Wi developed by Applied Physics 1is shown
} RN in figure # 5. The manikin
."’ o anthropometry 1is based on the 50 %
/"~f o aviator population as defined in the US
! Triservice  Specification [12], and
/ﬂ‘(\‘“ incorporates all sensors and data
! acquisition electronics as an integral
SOy U part of the manikin. The manikin
N incorporates a flexible spine to
A provide a three dimensional response
- o (flexion, extension, bending,
} ‘ ';‘llfk" compression and axial rotation). The
) ) o ‘ spine mates with an anatomically
Lo LY »' representative pelvis, accurately
‘ , ) locating the H-point, L5 location and
Lo \ the Illiac crest height, contour and
\ f , ' position. The pelvis provides the
~ structural housing incorporating all
) « the signal conditioning and data
figure # 3 acquisition and storage electronics.
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Flexible Spine:

The detailed design of the flexible
spine 1is 1illustrated in figure #6.

The spine is divided into three
distinct regions, the head/neck, the
thorax and the lumbar spine. As shown
the spine incorporates compressive and
bending components in all three regions
attempting to provide improved
biodynamic response. In addition the
spine incorporates multiple adjustment
points enabling the inital contour of
the spine to be altered. The head/neck
assembly provides an adjustment mount
similar to that of the original Hybrid
IIT unit, where the head position can
be prepositioned. The L5 adjustment
bracket provides for the the intial
positioning of the of the low lumbar
spine, as necessary to conform to
specific seating systenms. Throughout
the spine the unit implements an
arrangement of exchangeable wedges to
alter the overall spinal contour or *S"
shape of the spine. The use of these
wedges ensures a constant initial

positioning of the spine based on the
wedge compliment utilized.

The head and neck assembly is based on
what is referred to as the ADAM head
and neck (Hybrid II head coupled with a
Hybrid III neck). The head and neck
attachment point corresponding to the
occipital condyles (OC) location is
instrumented with a six axis load cell,
enabling the measure of the force and
moments at this representive anatomic
loaction. The base of the neck
integrates with adjustment mount,
enabling the initial position of the
head to be adjusted over a +/- 7 degree
range. Similarily, the base of neck,
via the adjustment mount is
instrumented with a six axis load cell.
The thoracic region <consists of a
shoulder mounting assembly (enabling
the use of the existing Hybrid III
arms) integrating with an axial
rotation mechanism and four modular
mechanical vertebra. A secondary axial
rotation mechanism 1is provided at the
base of the inwracic vertibra. Each of
the mechanisms provide a +/- 30 degree
rotation capability, resulting in the
+/~ 60- degree rotation over the length
of the spine. The thoracic vertebra (1
inch heights) provide the compression
and bending features of the thoracic
region. The thorax incorporates two
adjustable cables through the vertebra
to the top wedge where adjustments can
be made to alter the response over this
region. The lumbar region mounts to
the thorax via a six axis Denton load
cell at the approximate L1/T12
loaction. The lumbar spine consists of
two modular vertebra (2 inch heights)
and interfaces to the LS adjustment
bracket. The bracket mounts to a six
axis load cell interfacing to the
pelvis at LS5, measuring the pelvic
loads. The lumbar region also utilizes
two calibration cables enabling the
adjustment of the lumbar region
response characteristic.
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Electronics /Instrumentation:

The abilitiy to mechanically
approximate or simulate the dynamic
response of a human requires sufficient
onboard electronics to measure, record,

quantify and reconstruct the six degree
of freedom response of the manikin.
Oonly through detailed comparison of
response data to known human data bases
can the mechanical response be
validated.

As before the injuries as reported by
Coltman [5] and Guill [6], become the
driving function for the determination
of sensor and instrumentation
requirements. Monitored manikin
response at key anatomic locations
correlating to high injury probablity
must be obtained in sufficient degrees
of freedom to make effective analysis
possible. The typical instrumentation
requirment is illustrated 1in figure ¥#7
. Both linear and angular acceleration
components must be available to fully
define the dynamic response of any
rigid anatomical segment, such as the
head, T1 and pelvis. Additionally,
since compression, flexion, extension,
rotational forces and moments are
utilized to gain insight into injury
mechanisms. Inclusion of such measures
at critical 1locations is considered a
basic instrumentation requirment. The
basic instrumentation options, sensors
and tradeoffs have been documented by
Frisch [13]). Table # 1 details the
sensor configuration implemented within
the manikin along with the expansion to
be added at a later date.

Data Acquisition and Storage System
(DASS) :

Study of the manikin anatomic geometry
and spacial distribution, indicated two
main volumes useable for the required
electronics envelopes, the chest
cavity and the pelvis. An earlier
Applied Physics system (Navy Contract
N62269-C-84-0207) (1], a 96 channel
data acquisition and storage system,
was retrofit into a 50th percentile
Hybrid II1 chest cavity. The
electronics though functionally,
successful introduced 1limitations to
the biodynamic response of the Hybrid
III. Chest deformation was reduced to
almost zero, manikin weight
distribution and CG were alterd due to
the inclusion of electronics and large
Nicad battery assembly. The subsequent

Air Force "ADAM* development [14],
introduced a flexible spine
(mid-sagittal response) with an

on-board 128 channel data acquisition
system. As in the Hybrid III the chest
mounted
deformation,
provided improved

weight distribution.

electronics limited chest
however, the manikin
CG location and
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table # 1




l6-6

The current strategy focussed on
redistributing the electronics within
the manikin, thereby not limiting the
biodynamic response capabilitites. The
implementation of the flexible spine
and the resultant 3D response envelope
precludes the  introduction of any
electronics into the chest cavity, with
the exception of transducers.

The pelvis located at approximately the
center of gravity of the human body,
typically provides a large useable mass
and volume within the manikin.
However, to achieve an optimized
interaction of the manikin with
ejection or crashworthy seating systems
or other safety equipment, the pelvis
geometry, weight, and volume must be
representative of the target population
of interest.

Based on the work of Frisch [15,16],
where a comparative study of human and
manikin pelvis geometry, contour, and
weight distribution was performed, it
was demonstrated that sufficient
electronics could be housed within the
pelvis volume, while still maintaining
a realistic anatomic representatiion.
Based on the pelvis parameters as
detailed within the Triservice
Specification [12)], an  anatomic
representative pelvis was designed to
house the enhanced manikin integrated
data acquisition and storage system, as
illustrated in figure #8. The pelvis
super-structure is based on a welded
steel box, housing all the modules and
integrating with an aluminum casting of
the pelvic contour and socket. The
cast contour provides the anatomic
accuracy locating the key point of the
pelvis relative to each other (LS
position, socket location H-point and
Illac crest contour and height) The
design provides for the constant box

electronics structure, coupled with
casting designed to match specific
population and percentile groups. The
system (DASS) as housed within the
manikin is 1illustrated in figure #9,
consisting of a 40 channel analog
subsystem, and high speed processor
subgsystem providing real time data
acquisition and data storage, and a
femur mounted battery assembly. The
system is supported by a user interface
implemented via a dedicated IBM laptop
computer to define and setup system
function, channel configuration
(gain, filter cutoff, etc), extract
datsa, perform calibration, and to
process and review manikin response.

figure # 8.

ADAM

Flexible Spine Head/Neck

Vs
Vg
DASS —.
T .
Az B,
% Anatomic
-~ Pelvis

— figure #9

DASS Architecture:

The overall system architecture is
illustrated in figure #10, as
consisting of a analog subsystem,
processor subsystem, battery assembly
and a PC laptop user interface. The
processor component provides the CPU,
data storage, analog electronics
control logic and communications
electronics, used to interact with the
IBM based user interface. The analog
subsystem provides 96 channels of
analog signal conditioning and A/D
conversion electronics digitizing the
analog  measured dynamic response
parameters. The battery assembly
provides all the necessary power to the
DASS, and supporting transducers. The
user interface consists of an IBM 386
DX 1laptop computer or compatible,
enabling user control and interface to
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MULTIPLEXER

RESISTOR
NETWORK

SINGLE CHANNEL OF QUAD SIGNAL CONDITIONING HYBRID,

SW CNTRL:

the manikin based DASS systenm. The

laptop operates a *Windows" type SPECIFICATIONS:
interleaved software package enabling B e A T T RN dokne
the user to easily interact with the FILTER AOLLOFF— 42 dB/OCTAVE
SAMPLING FREQUENCY ————— MAX 10KHz
DASS softwate * PROCESSOR - NSITY HIGH PERFORMANCE
SILICON GATE {HCNOS):: - BIT
. QPERATIONAL VOLTAGE ———— SY TO 5.5V (MICROCOMPUTER)
Malog SUbsYStem. SV TO 1SV (SIGNAL CONDITIONING)
The analog subsystem provides upto 40 figure # 12

channels of analog signal conditioning
partitioned into 20 channel modules as
illustrated in figure #11. The basic

S e e a2

component of analog subsystem is the
dual channel hybrid circuit developed
by Applied Physics. A block diagram of
a single channel of a dual path hybrid
is illustrated in figure #12. As shown
the hybrid consists of a switching
network (AD7502) to enable the hybrid
to except both transducer signals or
simulated substitute voltages.
Additionally, this network provides the
capability of switching in an RCAL
resistor used to offset the
plezoresistive bridge type of
tranducers verifying  sensor operation
and calibration. The sensor outputs
are input into an Analog Devices AD625
precision instrumentation amplifier
coupled with a multiplexer / resisitor
network enabling the CPU to program
aight (8) discrete gains
(1,2,4,,10,20,25,50,100) . This new
Analog Devices amplifier elliminates
gain errors introduced Dby the
multiplexer "ON" resistance. This

resistance is biased out by use of the
+/~ sense inputs on the amplifier. A
secondary gain stage has been
introduced to increase the 1life cycle
of the hybrid circuit design. Through
the use of a board mounted resistor a
secondary gain can be introduced in the
analog signal conditioning path
handling sensors not currently or
commonly utilized. This enables a gain
other than one of the discretes to be
used. The amplifier  network is
connected to a low pass anti-alaising
filter providing a -45 db/octave roll
off. The filter network is based on
the switched capacitor technology (SCF)
allowing the variation of filter
cutoff, by varying a reference
frequency generated by a programmable
interval timer within the pr - cessor
subsystem. The filter output
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interfaces with a  secondary filter
stage and a sample and hold circuit

time sychronizing all the 96 channels.
The common problem associated with SCF
is the realization of the reference
frequency on the signal or filter
output. The secondary filter is
configured to elliminate or filter out
this undesireable noise. A secondary
problem of SCF is the introduction of
voltage offsets on the order of 20mv.
The sample and hold (S/H) is coupled
with a potentiometer providing a means
of elliminating the offset. The use of
the substitute voltage throught the
calibration path enables the offset to
additionally be removed post experiment
by software methods. Each of t@e
twenty channel modules interconnect via
a shared analog backplane, where common
signals are accessed and interface with
the timing an control module and
processr”  subsysiem. Within the
subsystem a single timing and control
module, as illustrated in figure #13
multiplexes the 40 signal conditioned
channels and provides a dual A/D path,
where the A/D output is directly
interfaced into the CPU data bus. This
module generates the timing and
reference signals utilized by the
signal conditioning modules and
provides che interface to the
processor subsystem.
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Processor Subsystem:

The processor subsystem provides the
actual data acquisition, data storage
and RS232 communications. The
processor subsystem is based on an STD
bus version of the IBM AT system
operating at 16 MHz. The processor
supports onboard RS232 capability,
programmable interface timers

(generation of sampling and filter
reference frequencies), priority
interrupt generators, and upto 4 Mbytes
of dynamic RAM. One of the major
problems with storing the data into CPU
RAM memory, is that data offload is
dependent on battery and processor

subsystem  survival. In order to
resolve this dependence the system
incorporates the use of the

non-volatile solid state credit card
memory subsystem as the main data
storage media. The processor subsystem
integrates via the STD bus to a solid

state disk drive capable of real time
storage of the dynamic data on the
credit card memory devices. These
devices statisfy the new  industry
memory standards and are currently
produced in 2 Mbyte versions with 64
Mbytes versions to be available in the
near future. This will enable a
continous upgrade of memcry ctorage
capability without modification to the
current system design. The system no
longer relies on data download to the
supporting laptop  computer, which
typically required significant time,
dependence on system battery life and
processor integrity. The credit card
memory device can be removed from the
manikin following an experiment and
simply plugged into a corresponding
solid state disk drive on the IBM
laptop. As a backup procedure, data
is stored in parallel on the CPU RAM
and is available for of download to the
laptop via standard RS 232 methods.

Battery Assembly:

The battery assembly consists of
multiple battery packs necessary to
provide the voltages and power, to
operate the DASs, and  supporting
transducers. The battery subsystem
consists of rechargeable batteries
distributed on the femur of the
manikin. The battery voltages are
regulated to provide the precise
voltages required. Additiionally, the
voltages are controlled by the
processor subsystem via a series of
relays and blocking diodes, enabling
the processor to power manage the
system maximizing battery i1ife while
minimizing battery requirements.

DASS Operating Software:

The DASS operating software is a
combined *C" and assembly language
application operating under the DOS
operating software. This software 1is
embedded on EEPROM within the manikin
processor CPU module. The DASSs
software consists of multiple
subroutines accessed from a main system
monitor / communication interface
software package. This system monitor
communicates with the laptop exchanging




command codes defining the operations
to be performed as specified by the

user. The software enables the user
to define the DASS sensor
configuration, gain, sampling
frequency, and rfilter cutoff.

Additionally, the software provides
multiple types of calibration (RCAL &
Voltage Substitution), diagonostics,
and data offload (backup). The primary
function provides real time data
acquisition and data storage. System
data is stored on the non-volatile
credit card memory removeable from the
DASS system and directly transferable
to an equivalent solid state disk on
the IBM laptop for  processingas
detailed previously.

Laptop Computer Support Station (User
Interface)

The laptop computer is based on an IBM
portabl:> PC or ~r~mpatible which
provides the user interface and
functions as the DASS controller. The
PC is based on a 386-DX processor
operating an DOS 3.3 operating system.
The system application is written in
"c* and provides a user friendly
interface the DASS. The PC software
communicates with the DASS processor
via dedicated RS232 port (secondary
backup port also available). A series
of command codes are exchanged between
the processors speicfying user
commands, system acknowledgements and
execution of the specified operations.
The user interacts with a windows type
of display interface where each
selected option sends specifc command
codes to the DASS commanding the
software to execute specific
operations. The user has the
capability to configure and define the
DASS unigquely for each experiment, (ie.
sensor / channel definition, program
specific channel gains, specify
sampling frequency, filter cutoff and
acquisition time).

The work was pe-formed under Army
contract DAMD17-90-C-0116, for the US
Army Aeromedical Research Laboratory.
The authors would like to recognize the
support and contributions of Dr. Nabih
Alem, who provided significant insight
and direction during the course of the
contract.
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1. SUMMARY

Two programs demonstrating the feasibility of improving
the dynamic response of ejection system test manikins
have been completed for the U.S. Air Force (References
1 and 2). The first program developed a manikin neck
that has greater biofidelity during vertical impact
conditions than currently available manikin necks. The
second program developed manikin arms and legs with
proper mass and mass moments of inertia to improve
dynamic response. Both programs were conducted to
support the development of the U.S. Air Force’s
Advanced Dynamic Anthropomorphic Manikin
(ADAM).

The improved manikin neck specification was based on
the properties and dynamic response characteristics of
human necks. A neck mimicking these dynamic
response characteristics was designed to interface with
the ADAM and the Hybrid 111 and to withstand the
severe environmental conditions imposed by ejections.
The basic design approach incorporated a separate neck
beam to control head translations, and head/torso straps
to control head rotations. These neck components
simulate the bone and muscle components in the hurnan
neck. The neck was fabricated and dynamically tested to
demonstrate satisfactory strength and human-like
motions.

Manikin limb segments were developed to achieve
desired mass properties while maintaining the strength
needed 0 withstand severe gjection forces. The
Articulated Total Body (ATB) model program was used
to predict joint design loads, and a finite element
modeling program was used to analyze structural
strength. Composite materials were used to fabricate the
bone components; a unique polymer was used to
fabricate the flesh. This combination improved the
inertial property distribution by an average 30 percent
over the current all-metallic ADAM limbs. A setof
limbs was fabricated and statically tested.

These improvements will provide increased confidence
in neck loading tests, especially with additional head-
mounted equipment, during ejections and survivable
aircraft crashes. The use of composites in segment
construction will allow more realistic limb motions and
impact energy absorption by the flesh material.

2. INTRODUCTION

Manikins have traditionally been used in the military to
test ejection seats and the effectiveness of various crash
protection designs. Emphasis in system testing has been
on the operational effectiveness of the system to perform
according to its design objectives. Primary concemns
have been with inertial load effects on ejection seat
acceleration and stability, and haress and fixed seat
effectiveness in restraining occupants during survivable
crashes. Assessment of human injury potential has been
based on external body measurements and observations
such as ejection seat acceleration (Reference 3), body
interference with aircraft components or personal
equipment, or failures in restraint, seat, or other
protection systems.

More recently, with refinements in manikin design and
advances in instrumentation capability, the rend has
been toward the measurement of internal manikin
responses and the use of these in making relative system
safety asscssments. The automotive industry has fully
adopted this approach for frontal crash safety compliance
testing in which Part 572 and Hybrid III dummies are
used. A similar approach is currently being sought for
side impact safety compliance testing with three
candidate manikins having been developed; the SID, the
EUROSID, and the BIOSID. Intermal measurements are
made in these dummies and results are compared, either
directly or after having been used in specific algorithms,
to determine injury likelihood.

The Air Force has developed the Advanced Dynamic
Anthropomorphic Manikin (ADAM) (Reference 4) to
test advanced ejection systems with vectored rocket
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thrust capabilities. The ADAM design uccentuated
human-like dynamic response to provide proper human
body reactive loading into the ejection seat. This
requirement led to an ADAM design that includes highly
articulated joints with position sensing, a dynamic z-axis
torso response, over 50 internal sensor channels, a self-
contained data acquisition system, and durability 10
withstand ejections into a 600 Knot Equivalent Air Speed
(KEAS) windstream. While a number of novel features
were developed for the manikin, the substructure was a
conventional steel design with foam-filled flesh
coverings. This design met the specifications for
segment and whole-body masses, but individual segment
moment of inertias could not be matched well to human
data because of the concentrated metal mass at the center
of the segments and the necessity for a low-density flesh
covering to provide proper segment mass. The ADAM
also used a Hybrid III dummy neck with a modified Part
572 dummy head.

While the ADAM represents substantial improvement in
ejection testing manikins, the use of a neck designed for
frontal impact safety assessment and limbs with poor
mass distribution and energy absorption properties led to
two parallel efforts to improve these designs. The two
efforts consisted of the development of a neck with
proper z-axis (vertical) response as well as consistent
x-axis (fore-aft) and y (lateral) responses; and the
development of limb segments made with composite
material substructures and a flesh covering with
human-like energy absorption properties.

3. DISCUSSION

Two separate feasibility assessment programs were
conducted to improve manikin biofidelity (References 1
and 2). The first program pertained to the development
of a biofidelic manikin neck (patent pending). Until this
program, the human neck response characteristics to
vertical impact loads had not been completely evaluated.
The objective of the Manikin Neck Development
program was to design a neck with the capability to
respond biofidelically to vertical loads as well as to
forward and lateral loads. The second manikin
improvement program pertained to the manikin arms and
legs which, until recently, were designed with a heavy
metal core encased by flexible, foam-filled molds. The
core is substantially heavier than bone and the mold is
considerably lighter than flesh. This construction results
in mass distributions that differ from those of human
segments, a structural rigidity that is much greater than
that for bones, and an inability to absorb the desired
amount of impact energy. The objective of the Manikin
Limb Development program was to design arms and legs
to have a mass distribution closely representing the mass
distribution in human limbs.

4. MANIKIN NECK DEVELOPMENT
The method that was used to determine the feasibility of
developing a manikin neck for ejection seat testing
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initially involved defining the desired neck response
characteristics o vertical impact loads. The existing
Fybrid III neck response characteristics were also
examined to determine if the Hybrid III neck could be
modified to produce desired response characteristics to
vertical impact loads. After concluding that the Hybrid
111 neck could not be modified to respond correctly to
vertical loading, several neck design concepts were
generated. A Neck Concept Demonstrator was fabricated
and tested to determine if the design concepts were valid.
Modifications to the Neck Concept Demonstrator were
made until the desired response was nearly achieved. A
prototype neck was then designed to interface existing
manikins and instrumentation. This prototype was
fabricated and tested. The results of the prototype testing
and Neck Concept Demonstrator tests were combined
and used to develop the final neck design.

4.1 Design Method

The neck desigr: method was determined by conducting
three tasks. First, the desired neck response
characteristics were defined. Second, the Hybrid III
manikin neck design and response characteristics were
examined to determine if the Hybrid ITI neck could be
modified for vertical impact loading. Finally, neck
design concepts were generated.

Define Desired Neck Response Characteristics. Both
the kinematic and kinetic response characteristics of the
human neck system were defined. Kinematic response
characteristics are defined as the translations and
rotations of the head/neck system with respect to time.
Kinetic response characteristics are the forces and
moments in the head/neck system. The latter
characteristics were calculated from the kinematic
response characteristics using known head and neck mass
properties. If the manikin head has humanlike mass
properties (i.e., total mass, proper center-of-gravity
location, and mass moments of inertia), it follows thata
neck system producing proper kinematic response
characteristics will also have the proper kinetic response
characteristics. Therefore, the kinematic response
characteristics were used to define the manikin neck
design criteria.

A large data base of human response testing, available
from the Naval Biodynamics Laboratory (NBDL), was
used to determine response criteria. The data base
included human test results for impacts in the forward
(-x), oblique (-x+y), lateral (+y), and vertical (+2)
directions.

In the past, several researchers have reduced the NBDL
test data to define kinematic and kinetic response
requirements. However, sources could not be found
which had reduced the test data for vertical impact
directions. Vertical impacts were of particular interest to
this development program since the intent was to develop
a neck for ejection seat testing manikins.

% BIOGRAPHIES



The +z impact data included a total of 27 tests for four
volunteers with nominal peak input accelerations from 5
to 12 G. Data reduction indicated that the kinematic and
kinetic responses were somewhat sporadic. It was
postulated that the variation in response was caused by
active muscle action. Active muscle action could not be
practically duplicated with a passive manikin neck.
Thus, the kinetic response for each test was evaluated.
Tests with a ‘high’ active response level were eliminated,
leaving a total of 11 tests. These 11 tests included all
four volunteers with input accelerations from 7 to 12 G.

The head angle and neck angle response corridors for the
11 selected tests are shown in Figure 1. The corridors
are based on the calculated mean for all 11 tests, plus or
minus one standard deviation. The head angle is defined
as the change in globa! head angle. The neck angle is
defined as the change in angle of a line between the first
thoracic vertebra (T1) at the base of the neck and the
head pivot point (occipital condyles) at the top of the
neck.
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Figure 1.
Recommended head angle and neck angle response
corridor for 7- to 12-G vertical impacts,
passive neck system.

The average kinctic response at the occipital condyles
(0.C.) was also calculated for the 11 selected tests. The
moment was presented as a function of the change in
head angle, and the forces as a function of time. The
kinetic response for vertical impacts was compared to the
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response for forward impacte  For all practical purposes,
the response for the two impact directions was the same.
This conclusion indicated that a passive neck system
could be designed to provide proper response to both
vertical and forward impacts.

Examine Existing Manikin Design and Response
Characteristics. Having defined the desired neck
response directly from vertical impact load data of the
human neck, the Hybrid IIT neck design and response
characteristics were examined to determine if it could be
modified to provide the desired response. The Hybrid III
neck is depicted in Figure 2. The Hybrid III neck
consists of an elastomeric neck beam with the base
mounted at the approximate anatomical location of T1.
The top of the neck pivots at the O.C. location and
snubbers are placed between the top of the neck and base
of the head.

OCCIPITAL
CONDYLE

JOINT/ ‘

& —

HEAD/
NECK
SNUBBER
(2 PL)

NECK
BEAM

Figure 2.
Hybrid Il neck.

Research on the Hybrid ITI neck indicated that it was
designed to provide the proper head rotation and moment
at the O.C. for forward and aft impacts.

Figures 3 and 4 compare the head trajectories of the
Hybrid HI and a typical human in response to 15-G
forward and 12-G vertical impacts (Reference 5). For
forward impacts, the maximum head angle is
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HYBRID 1l

=

HUMAN

Figure 3.
Comparison of head trajectories for 15-G, forward
impacts, NBDL Run Nos. LX5002 and
LX3983 (Reference 5).

approximately the same for the Hybrid III and the
human. However, the head forward and downward
translation, or the neck angle, is much less for the Hybrid
I1I than for the human. For vertical impacts, the
deficiencies of the Hybrid III are even more pronounced.
The results of these tests indicate that the Hybrid III neck
beam is too stiff.

If the basic Hybrid III neck design was modified to
produce the proper neck angles (head translation), then
the head ungles would be too high. This phenonmenon is
illustrated in Figure 5 which shows a representation of
the approximate head angle with the neck angle at

HYBRID 1

HUMAN

Figure 4.
Comparison of head trajectories for 12-G, vertical
impacts, NBDL Run Nos. LX4742
and 1L.X4651 (Reference 5).

102 degrees (peak neck angle for a 15-G forward impact,
Reference 6). The desired head angle for a 15-G forward
impact is 78 degrees, significantly less than the observed
head angle of 126 degrees in Figure 5.

Examination of the Hybrid Il neck indicated that the
head angle will always be greater than the angle of the
top of the neck. Thus the Hybrid .1l neck cannot be
modified to provide the proper response, and a new neck
design was developed.

Identify Biofidelic Neck Design Criteria. The well-
defined response of the human neck system was used to
establish the design criteria for a biofidelic neck. The
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Figure 5.
Representation of peak head angle for a manikin neck based on
the Hybrid Ill design adjusted for proper neck angle.

human kinetic response characteristics led to the
observation that:

e A direct relationship exists between the moment
exerted on the head at the occipital condyles and
the relative change in head/torso angle, with the
moment resisting forward head rotation.

e  The neck structure exhibits ordinary elastic
properties, with the moment generated at the
base of the neck directly proportional to the
change in neck/torso angle.

Several passive neck design concepts were generated in
an attempt to produce these characteristics. In general,
the concepts consisted of a neck beam that could be sized
for proper neck angles, or head trajectories, and an
independent method of controlling the moments exerted
on the head. The most promising design consisted of an
inner neck beam with a pivot point at the O.C., similar to
the Hybrid I design. Instead of snubbers between the
top of the neck beam and base of the head, straps were
attached between the base of the head and the base of the
neck. This design concept allowed the neck beam and
the head-to-torso straps to be somewhat independently
sized to provide proper head rotations and translations.

4.2 Neck Concept Demonstrator Fabrication

A neck system was fabricated to evaluate the developed
concept. The fabricated head and neck assembly is
shown in Figure 6. The neck was designed specifically
to be easily fabricated and modified. The neck beam was
fabricated from a stack of elastomeric ‘washers’ with an
inner cable linking the base to the top. These washers
could be easily substituted with washers of a different
diameter or material to modify the bending properties.
The head-to-torso straps were fabricated from a
continuous length of elastomeric material.

Resistance to neck beam motion was provided through
compression of the neck beam washers. Resistance to
head rotation was provided through extension of the
head/torso straps causing a moment on the head. This
moment is relatively independent of the head/neck angle.

The test head was fabricated from mild steel plate and
the ballast weights were sized to give a final
instrumented head weight of 11.01b. The head ¢.g. was
located 0.9 in. forward and 2.2 in. above the head pivot
point. The measured moment of inertia of the head about
the y-axis (pitch axis) was 110.3 Ib/in.2. The ballast
weights could easily be moved to study the effects of
change in c.g. location,
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Figure 6.
Neck concept demonstrator (patent pending).

The neck assembly was attached 1o a test base which
allowed for clearance between the head and test frame
during maximum movement. The test base provided an
initial neck angle of seven degrees pitched forward. The
top of the neck beam tapered to allow proper clearance

4.3 Neck Concept Demonstrator Testing

The neck system was tested for vertical as well as
forward impacts. The testing showed that the response to
vertical impacts was strongly dependent on the initial
head/neck position and the c.g. location. However, the
response to forward impacts was not strongly dependent
on these variables. This condition explained the sporadic
response of the human testing results for vertical
impacts, and the more consistent response observed for
forward impacts. The testing also showed that the neck
beam and head/torso straps could be altered to change the
neck and/or head angles.

Since the response to forward impacts was more
consistent, and the human data base for forward impacts
was larger, the forward impact testing results were used
to size the neck beam and the head/torso straps. The
response o vertical impacts was adjusted by shifting the
center of gravity and/or changing the initial head/neck
position.

The head and neck angle response of the final concept
demonstrator design is shown in Figure 7. The
calculated moment at the Q.C., relative to change in head
angle, is shown in Figure 8. Both results were very close
to the desired nominals specified in Reference 6.

The neck system fulfilled the objectives by validating the
proposed design concept. The overall dynamic response
of the neck system was very good, with both the
kinematic and kinetic responses comparing favorably
with human test results.

under high head/neck angles.
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Head and neck angle response, concept demonstrator design, 15-G forward impact.
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Calculated moment at the occipital condyles relative to change in
head angle, concept demonstrator design, 15-G forward impact.

4.4 Prototype Neck Design

The concept demonstrator was designed for proper
flexion response to forward and vertical impacts;
however, it was not designed specifically to interface
with existing manikins. Therefore, a prototype neck was
designed 1o interface with existing manikins as well as
existing instrumentation, such as the head/neck load cell.
The prototype neck was also designed to provide
omnidirectional response.

Modifications were made to the concept demonstrator

design to produce the prototype neck design
characteristics. The modifications include the following:

e  The stack of neck beam washers was replaced
with a solid elastomeric beam. The center cable
was maintained to ensure ruggedness.

e The head-to-torso straps were replaced with a
cylinder between the neck base and the load cell
interface plate.

e A torsion release joint was added at the top of
the neck beam to provide the desired torsional
stiffness (for lateral impacts).

4.5 Prototype Fabrication and Testing

The prototype neck system was fabricated and then
subjected to a series of tests, including forward, vertical,
and lateral impacts. The neck was modified throughout
testing to improve performance. The prototype neck is
shown in Figure 9.

The kinematic response of the initial neck design for a
12-G vertical impact is shown in Figure 10. The
response was within the desired limits. However, the
head angle was near the maximum limits and the neck
angles were shifted toward the lower limits.

The kinematic response for the same neck tested at a
12-G forward impact is shown in Figure 11. The peak
head angle was 100 degrees, which is higher than the
desired nominal of 78 degrees. The peak neck angle was
92 degrees, near the desired nominal of 89 degrees for a
12-G forward impact.
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Figure 9.
Prototype neck (patent pending).

The test results to this point indicated that the neck inner
beam stiffness was accurate, but the neck outer cylinder
was not stiff enough to achieve the desired response.

Prior to stiffening the neck outer cylinder, a series of
lateral tests was conducted. The lateral tests showed that
the neck structure was too weak. Thus, lateral stiffeners
were added to the neck outer cylinder and tested until the
correct lateral stiffness was identified.

Finally, the neck was retested for forward and vertical
impacts. Surprisingly, the peak head angle increased and
the peak neck angle decreased. It was expected that
adding stiffeners to the neck outer cylinder would have
decreased the peak head angle. Further attemp's to refine
the neck response did not produce the desired response
for both lateral and forward impacts.

Further analysis and testing indicated that the neck outer
cylinder could not produce the same response provided
by the head-to-torso straps of the concept demonstrator
design. The cylinde: was behaving more like a beam
than independent straps. As the neck deflected forward,
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Figure 10.
Head and neck angle responses for the prototype
design compared to suggested response
corridor, 12-G vertical impact.

the top of the cylinder also naturally rotated forward,
behaving as a hollow beam structure.

4.6 Results

Enough information and test data were gathered at this
point to design a neck system to combine the best
characteristics of the concept demonstrator and the
prototype. The final neck design consists of an inner
core which functions like the neck beam from the
previously described designs. The inner core provides
the desired higher lateral stiffness without adding to the
forward stiffness. Instead of stand-offs between the neck
core and head-to-torso straps, elastic hinges are integrally
molded with the neck system. The aft head-to-torso strap
is larger in cross section than the forward strap to provide
the proper response for flexion as well as extension.
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Head and neck angle responsas, prototype test no. 9,
12-G forward impact.

The final neck design has not been fabricated or tested to
date. However, all testing and computer modeling
results indicate that this final design should produce the
desired results.

4.7 Conclusions

This program demonstrated the feasibility of developing
a biofidelic manikin neck: a neck that will respond as a
human’s would when subjected to both vertical and
horizontal impacts, as well as to lateral impacts. In
particular, the program demonstrated that a passive neck
can be designed to produce biofidelic response.

The program concluded that a biofidelic manikin neck
design should have the provisions that allow head
translations and rotations to be independently controiled.
The neck designs of currentdy produced manikins do not
have these provisions. Primarily, a biofidelic manikin
neck should be designed with a neck beam sized for
proper head translations and head-to-torso straps sized
for proper head rotations.

S. MANIKIN LIMB DEVELOPMENT

This development effort determined the feasibility of
using composite materials to optimize the mass moment
of inertia properties in manikin upper and lower arm and
leg segments while maintaining the strength required for
cjection seat testing into a 600 KEAS windblast. The
small ADAM was used to achieve this feasibility study.
The program consisted of designing, fabricating, and
testing the limb skeletal structure as well as designing
and fabricating an upper leg flesh component.

5.1 Design Method

The design method theoretically established component
configuration, material construction, and composite
layup to achieve desired mass distribution and strength
properties of each limb component. This method
consisted of several tasks. First, design goals were
sstablished by identifying the inertial properties of
human limbs and evaluating the design of the ADAM.
Second, the joint design loads were predicted using the
Articulated Total Body (ATB) model program by
subjecting the occupant model to severe dynamic loading
conditions. Third, a computer-aided design (CAD)
program was used to obtain the desired inertial properties
for each component. Finally, a stress analysis was
conducted to evaluate the strength of the designed limb
components when subjected to the design loads predicted
by the ATB model. Critical composite limb components
were fabricaled and tested to verify component strength.

The flowchart in Figure 12 illustrates the sequence that
was used to design the skeletal limbs. A separate task
was established to design the flesh component.

Select Design Parameters. The design parameters that
were identified include mass properties of the 3rd-
percentile male limbs, geometry of ihe existing ADAM
limb components, and human flesh characteristics.

The weight and inertial properties of the 3rd-percentile
(small) male were identified for each manikin limb
segment. Inertial and geometric properties were obtained
from a Tri-Services Report (Reference 7) and were used
10 specify the segment mass and mass moments of inertia
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Figure 12.
Design process.
Table 1.
Segment mass properties design requirements
| Ly 1, Weight
Component  (in.-Ib-sec?)  (in.-lb-sec?)  (in.-Ib-sec2) (ib)
Upper leg 941 993 256 17.1
Lower leg 357 362 042 6.8
Upper arm 074 077 015 34
Lower arm 053 054 .008 2.5

for the upper and lower arms and legs. Table 1 lists the
design weight for 3rd-percentile male limbs. The desired
mass moments of inertia about the x, y, and z axes for
cach limb are also listed in Table 1.

The geometry of each ADAM limb component was also
determined. The components of the ADAM arms and
legs are shown in Figure 13. An extensive literature
search and some in-house testing were conducted to
identify the characteristics of human flesh. Desired flesh
properties defined for the manikin include: density
(0.034 Ibvin.%), hardness (Shore A Durometer 13.1), and
dynamic impect load (approx. 125 Ib when impacted

with a 0.65-1b mass dropped from a height of 24 in.).
Materials demonstrating these characteristics were
identified. Material availability and processing ease
were also considered during the final selection process.

Determine Design Loads. The Air Force ATB modeling
program was used to predict the manikin design loads. A
3rd-percentile male occupant was modeled and
positioned in an ACES 1 ejection seat model. This seat/
occupant system was subjected to 11 different loading
cases typical for an ejection. These loading cases were
represented by half-sine pulses and include: forward sled
pulse (+Gx, 45 G max at 120 msec), aftward sled pulse
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The occupant motion and the loads at each limb joint
were calculated and evaluated. An example of the
occupant motion during a constant 600 KEAS windblast
force is shown by a series of illustrations in Figure 14.
Figure 15 presents the torques about each axis in the
shoulder and elbow joints during the same loading
condition (600 KEAS windblast). The worst-case load
combinations (forces and torques) for each joint were
identified by examining all the loading conditions.
These worst-case loads occurred during the windblast-
alone loading condition, and the lateral condition without
the armrests. These loads were used as the design loads
for the corresponding manikin limb components

(Table 2).
| N JJ __\__j::_ Develop Segment Design. ANVIL 5000, a CAD
o PR ) software package, was used to design the manikin
COMPOSITE MATERIALS components. This software package was used to iterate
U\ﬂ } - METALLIC MATERIALS betwcc;n component configuration and material selection
to achieve the desired mass properties for each complete

segment. Each complete segment consisted of the
skeletal and flesh components combined to achieve the
correct inertial properties. First, the existing ADAM
limb configurations were input to the CAD and used as
(-Gx, 45 G max at 120 msec), side impact pulse withand ~ the design baseline. ‘These bascline configurations were
without seat armrests (+Gy/-Gy, 45 G max at 120 msec), ~then modified and combined with selected material
upward and downward ejection pulse (+Gz/-Gz, 45 G at properties to_achn_eve the desired weights and mass

120 msec), windblast alone (600 KEAS constant), and moments of inertia for the segments. The process was an
combined windblast with upward and downward cjection ~ileralive one as scgment geometries were modified
pulses (+Gz/-Gz, 45 G max at 120 msec and 600 KEAS and/or materials were changed to achieve the desired

Figure 13
ADAM arm and leg components.

constant). properties.
<
Time = 0 msec Time = 40 msec Time = 80 msec Time = 120 msec
Time = 160 msec Time = 200 msec Time = 240 msec Time = 280 msec

Figure 14.
Example ATB occupant motions, 600 KEAS windblast.
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Example ATB right upper arm joints torque
time-histories: 600 KEAS windblast.

Conduct Stress Analysis. The NISA Il Finite Element
Model was used to conduct a stress analysis on each limb
segment (Figure 16). The completed designs of each
segment, as defined by the CAD, were directly
transferred to the NISA program. The design loads
predicted by the ATB Model program were applied to the
appropriate segments. The fabric layup sequence for
each of the composite components was determined at this
stage. This step played a critical role in developing a
design that met all of the strength requirements of the
component.

Figure 16.
Finite elemant model of upper leg segment.

The stress distribution of complete limb segments (i.e.,
upper arm segment, lower arm segment, eic.) was
analyzed along with stress concentrations at clevis pin
joint holes and joint stops. When the analysis indicated
that a component did not exhibit the desired strength
properties, modifications to the component were
conducted either by rearranging the ply orientation or by
modifying the configuration or material selection. The
modified CAD component was then again directly
transferred to the NISA program and the stress
distribution was redetermined and analyzed. This
process was repeated where necessary until all of the
components withstood the desired design loads, and
exhibited the desired weight and inertial properties.

5.2 Skeletal Limb Fabrication

All the composite components were fabricated using a
unique layup design of graphite/epoxy plies for each
component. Each tubular bone component was
fabricated by wrapping graphite prepreg tape around a
tubular mandrel that was appropriately sized for each
particular limb. Fiberglass/epoxy corrosion barriers were
laminated to metallic-interfacing surfaces. The ends of
bone segments that required additional strength were
tapered with graphite hoop wraps. Where two graphite
components are designed to rotate about each other, a
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Table 2.
Design loads
Dynamic*
Load
Segment Case No. F,(lb) Fy(ib) F,(Ib) M, (in.-1b) M, (in.-Ib) M, (in.-Ib)
Upper Leg 3 180 -500 -200 15,000 2,000 1,500
Lower Leg 5 -1,480 50 -2,780 -1,300 -19,500 0
Upper Arm 5 -1,280 580 -140 500 140 -1,720
Lower Arm 5 180 140 40 -1,580 3,000 0

* 3 - Lateral without armrests

5 - Windblast alone

'l‘eﬂon@-impregnated fiberglass layer was laminated to
the bone surface.

The composite shoulder, knee, and ankle clevises were
fabricated on aluminum male mandrels. Wrapping tape
around a male mandrel is ideal for fabricating intricate
components such as these clevises because the tape can
be aligned without causing any discontinuities in the
ceinforcing tape fibers. An inner foam core structure was
incorporated into the shoulder clevis fabrication process
to maintain the desired mass

properties in the clevis as well as to withstand the high
stresses imposed on the clevis. Fiberglass/epoxy
corrosion barriers were also laminated onto the
appropriate surfaces of these clevises.

Shrink tubing was used in most cases to remove surface
wrinkles caused by the vacuum bagging process. All
composite layups were consolidated and cured in an
autoclave with heat and pressure.

The hip, upper leg knee, and elbow clevises were all
machined from appropriate metals. These clevises and
the composite components were assembled into two
complete limbs: the arm and the leg (Figures 17 and 18).

5.3 Flesh Component Fabrication

A dense, two-par polymer that solidifies at room
temperature into a pliable, yet durable, material was
selected for the upper leg flesh component. Hook-and-
pile fastening tape was used 10 secure the opening slit in
the flesh component. Additionally, the abutting surfaces
of the slit were contoured to provide a self-locking joint.
A scrim material was embedded in the flesh component
near the surface to provide additional durability and tear
resistance to the surface. The final configuration of the
upper leg flesh component has an outer contour identical

®Teflon is a regiswered rademark of £. |. Du Pont de Nemours &
Co., inc.

to the current ADAM upper leg since the same mold was
used. The inner configuration of the flesh component
was modified to fit the composite upper leg skeleton.

5.4 Testing

Static testing was conducted to evaluate the strength of
the manikin skeletal components. The upper leg, lower
leg, upper arm, and lower arm segments were each
individually tested. Static loads were applied to the
joints of each segment representing the three components
of forces and moments that developed at the joint during
the limb’s severest dynamic loading conditions as
calculated by the ATB program.

5.5 Results

The results of this program are summarized in Table 3,
Table 4, and Figure 19. Table 3 lists the components for
each limb segment and the material that was selected for
each segment to achieve the desired mass properties.
Figure 19 compares the inertial properties of the lower
leg segment designed in this program with the existing
ADAM limb segments and the 3rd-percentile male
design goal. The results illustrate that the mass
properties of the modified segments much more closely
represent those of the 3rd-percentile human than do the
ADAM segments.

This outcome demonstrates the potential for the ADAM,
adapted with the modified segments, to respond with
more human-like kinematics when subjected to dynamic
load conditions. Table 4 lists the actual skeletal segment
weights combined with the calculated flesh cover design
weights. These weights are compared with the 3rd-
percentile male total segment design goal weights.

5.6 Conclusions

This program has demonstrated the technical feasibility
of using composite structural components in advanced
manikins. The program results have shown that human-
like, total segment inertial properties can be achieved;
sufficient durability to withstand violent testing
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Figure 17.
Arm assembly prototype.

Figure 18.
Leg assembly prototype.
Table 3.
Material selection
Segment Upper Clevis Insert Tube Lower Clevis Stops
Upper Leg Titanium Aluminum Graphite/Epoxy Stainless Steel Aluminum
Lower Leg Graphite/Epoxy Aluminum Graphite/Epoxy Graphite/Epoxy Aluminum
Upper Arm Graphite/Epoxy Aluminum Graphite/Epoxy Aluminum Aluminum
Lower Arm Titanium Aluminum Graphite/Epoxy Aluminum Aluminum
Table 4.
Segment weight comparison
Design
Actual Calculated Weight Goal
Weight Weight (CAD) (3rd-Percentile Male)
Segment (Ib) (b) (1b)
ARM
Upper Skeletal 1.34 1.22
Lower Skeletal 0.80 0.80
Joint Hardware 0.22 022
Upper Flesh Cover 207 207
Lower Flesh Cover 1.64* 1.64
Total Arm Weight 6.07 5.95 5.90
LEG
Upper Skeletal 7.77 8.07
Lower Skeletal 185 1.54
Joint Hardware 0.26 0.26
Batteries 1.59* 1.59
Upper Flesh Cover 7.02 7.09
Lower Flesh Cover 5.26* 5.26
Total Leg 23.75 2381 2390
*Calculated uting computer-sided design (CAD),
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Lower leg mass properties comparison.

conditions can be met; surface molds that possess flesh-
like energy-absorbing properties can be used; and that
mechanical designs allowing proper joint articulation and
resistive properties, as well as measurement of joint
motions, are viable.

Composite materials were used to redesign the ADAM
limb segments, achieving mass properties that are more
representative of the human while maintaining the
strength required for the manikin to survive the ejection
seat test environment. The mass in the segments was
redistributed by reducing the weight of the skeletal
components, and by increasing the weight of the flesh
components. Graphite/epoxy unidirectional prepreg tape
was the composite material used to fabricate the bone
segments and a dense polymer was used to represent the
human flesh.

6. RECOMMENDATIONS

These two manikin developments, the neck and the
composite limbs, represent significant advances in
manikin technology for military testing applications.
The neck development provides the first z-axis response
testing capability and has current application in the
investigation of added head mass effects on neck loading.
The composite segment development can be expected to
improve gross motion simulations, but, perhaps more
importantly, it will allow the use of flesh molds that
absorb energy in a manner similar to that of human flesh.
Both of these developments improve the biofidelity of
manikins, can be applied to manikins other than the
ADAM, and bring closer the ability to use internal

manikin measurements for injury likelihood assessments
in acrospace environments.

The next steps in this process are to implement the neck
design, perform validation tests on the neck, and develop
response-injury correlations. With respect to composite
1imb development, full manikin impact testing should oe
performed to establish a degree of improvement due to
more human-like segment mass distribution. This testing
couid be conducted on a single manikin equipped with
original limb segments on one side and composite limb
segments on the other side. The flesh response should
also be investigated by conducting impact tests on a
manikin equipped completely with composite limbs and
flesh. The energy absorption characteristics for this
manikin would be measured and compared to that of the
human and current manikins.
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THE DESIGN AND USE OF AUTOMOTIVE CRASH TEST DUMMIES
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SUMMARY

Anthropomorphic crash test dummies have been used by the
automotive industry for many years in order to develop saferroad
transport. Accident investigations have shown how vehicle de-
sign has improved, with the number and severity of road casualty
injuries decreasing despite increased use of road transport. Several
different types of dummy of differing levels of sophistication are
used to approve vehicles to a number of different standards and
regufations. Dummies are used either to approve restraint systems
at the component level or in full vehicle impact tests. Various
performance criteria must be met by anthropomorphic test
dummies. and these criteria are discussed with reference to the
interests of the vehicle designer, the biomechanical engineer and
the legislative authority.

The paper concentrates on the approach to dummy design used to
develop the new European Side Impact Dummy EUROSID-1.
The methodology used to develop certification techniques is
described as well as the dummy itself. Techniques to calibrate a
dummy in terms of predicting human injury risk are reviewed.
The techniques described are common to all automotive crash
test dummies and can be applied to the design and development
of anthropomorphic dummies to be used in other disciplines.

1. INTRODUCTION

Road transportation has and continues to be a major source of
human injury and as such is a drain on the resources of any
country. In the UK in 1951, when statistics became available, a
vehicle population of 4. 7m units existed associated with 178,000
personal injury accidents. In 1990 the vehicle population had
risen to 24.7m motor vehicles and there were 258,000 personal
njury accidents.[ 1] Although the overall number of accidents has
increased by over 40% over this period the number of vehicles
has increased by over 400%. Examining the data in more depth
shows that the number of pedestrians and motorcyclists killed,
the most vulnerable groups, have fallen by 30% and 40% respec-
tively but other forms of transport, mainly cars, has risen by over
200% . These figures do not necessarily indicale that other transport
modes have become safer but that there has been a large move-
ment away from motorcycle and pedestrian transport. Examining
the proportion of accidents resulting in death and serious injury
shows that the proportion of car occupant causalities suffering
fatal injuries has fallen by 15% and those suffering serious injury
by 30%. The reduction in fatal and serious injury proportions is
attributable to a number of factors, one of which is the 1se of
advanced crash test dummies to develop safety systems. In a
financial perspective the cost of road accidents in the UK in 1990
was estimated to be £6,700m of which £5,300m was attributed to
personal injury accidents. Statistics clearly indicate that road
transport is costly, both in financial and human suffering terms.
Many improvements are still possible, to reduce further the cost
of human misery.[2]

Several different approaches are used to reduce both the number
of accidents and the severity of any personal injury. Vehicle
safety is frequently divided into two areas called ‘primary’ or
‘secondary’ safety. Primary safety is concerned with the prevention
of an accident occurring whilst secondary safety is concerned
with reducing injury risk once an accident has nccurred. Primary
safety therefore deals with road design, junction layout, driver

education and also vehicle handling and braking performance.
Secondary safety concems the vehicle itself, its impact per-
formance, its ability to absorb impact energy in an accident and
the performance of any occupant restraint system, the aim of
which is to reduce the risk and severity of traumatic injury to the
vehicle occupants. To some extent sccondary safety can also
relate to the design of the vehicle’s exterior with respect to
impacts against pedestrians. Crash test dummies are frequently,
although not exclusively, used to evaluate secondary safety
features both inside and outside of the vehicle. They can be used
either to determine injury risk or simply to load a surface or
restraint system up to arealistic level in a semi-realistic way. Being
a human surrogate they have to exhibit several human-like
characteristics and, depending upon usage, how well they simulate
a human can vary.

Figure 1 European Side Impact Dummy, EUROSID-1.

This paper initially reviews tu. "<e of crash test dummies within
the automotive industry examining v and when they are used.
The necessary attributes ~fanv testdu. . *re examined as well
as the design process. The development o1 the thorax of the
European Side Impact Dummy EUROSID-1, Figure 1, is re-
viewed as an example of this process. The imp~rtance of dummy
certification to defined performance requirements (Section 3.4)
and dummy calibration against human tolerance levels (Section 4)
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is developed within the paper. The design and development of
crash testdummies is notunique to the automotive field and many
of the prucedures reviewed in the paper can equally be applied to
the development of other anthropomorphic dummies, in other
disciplines.

2. AUTOMOTIVE CRASH TEST DUMMIES

Crash test dummies perform two basic tasks in vehicle safety.
The firstis to load the vehicle or safety system dynamically and
requires afairly simple dummy, while the second is to indicate the
type and severity of any injury that a human might sustain in the
impact, which requires a much more complex dummy. Not all
complex dummies, used to study injury risk, are able to be used
in the same impact situation. This is clearly seen in the frontal and
side impact conditions. In a frontal impact, in which the occupant
is restrained, the mechanisms of injury are likely to be decelera-
tion based, with occasional occupant to interior surface contact,
whereas in a side impact the occupant on the struck side of the
vehicle will be directly struck by the intruding structure of the
vehicle. With the different injury producing mechanisms and
load paths in side impacts it is essential to have a dummy capable
of correclly representing a human in these different impact
environments and able to detect the potential injury mechanisms.

ummies can be used to represent several different types of road
user. Three attributes, size, directionality and complexity are
determined by each dummy’s basic role. Not all testing with
dummies is centred on full scale crash testing with whole vehi-
cles. In addition to being able to study vehicle and restraint
interaction effects it is important to be able to approve and study
the performance of restraint systems in a simpler and less costly
way.

In general complex dummies are designed to be able to detect
loads likely to cause skeletal fractures, deceleration injury to
internal organs and, in some cases, laceration injury. They are
used in research and biomechanically based legislative test
procedures. Simple dummies are used to quality assure compo-
nents in legislative test procedures.

Not all safety assessment tests are carried out using complete
dummies. Simpler, much less complex tests, are performed with
‘impuctors’ representing individual human body parts, to evaluate
interior surfaces or components. One such impactor is a rigid
hemi-spherical impactor representing the head, evaluating inte-
rior surfaces.[3] Another headform is used to approve crash
helmets in a simple drop test onto an anvil.(4]

2.1 Aduilt Dummies.

The most obvious use of crash test dummies is inside cars being
crash tested, in 'legislation directed’ impact testing. There are
two types of whole vehicle legislative test, frontal impact{5] and
side impact{6] using sophisticated dunmies.

2.1.1 Frontal Impact Dummies.

In frontal ‘whole vehicle’ testing two complex US dummies are
frequently used, the Hybrid II and its development into Hybrid
III. The Hybrid II dummy was initially developed to study the
injury risk of unrestrained occupants and the safety of air bags.
The principal UK and European restraint system is the lap and
diagonal seat belt. Neither of the US dummies has 2 good human-

like shoulder and thoracic structure for quality evaluation of belt
restraint systems. A more human-like dummy the OPAT([7] was
developed in the UK, and is used by the TRL, to study the
performance of ‘belt’ based restraint systems. OPAT has not
become an ‘inicrnationally recognised’ dummy for legislative
testing. To be better able to evaluate belt based systems more
reliably in addition to airbag restraints, NHTSA in conjunction
with the European Experimental Vehicle Committee (EEVC) is
currently developing a new advanced frontal dummy thorax
called ATD50.[8]

A very early dummy still in use at TRL as a ‘make weight’
dummy in general impacts, is a dummy developed by the Royal
Aircraft Establishment in the 1950s[9) for parachute hamess
testing. A modern version of this dummy is the Rescue Dummy
developed for use by the emergency services in the UK.’

For general quality assurance applications simple low cost dum-
mies are used, in which no instrumentation may be needed.
Impacttesting on crash test sleds is used to assess and improve the
safety of ‘sub-syswcins' like seat belts, an example of which is the
approval, within Europe, of adult seat belts to ECE Regulation
16.[10] This test uses a less complex dummy than those used in
full scale vehicle impact testing, as the dummy’s main function
is to 'load’ the restraint for ‘strength’ testing rather than to
evaluate injury mechanisms and injury risk. The TNO10
dummy,[11] used in this regulatory test, is a very simple, one
legged dummy with little biofidelity and minimal instrumenta-
tion capability.

2.1.2 Side Impact Dummies.

Side impact loading conditions are very different from the frontal
ones. Three special side impact dummies are currently available
to study side impact injury risk. Only the DoT-SID is specified for
use in a current legislative test procedure 5] The DoT-SID
dummy has the capability of measuring injury risk in the thoracic
area only, whereas the other two durnmies, BIOSID{12] and
EUROSID-1,{13] can assess injury risk in the head, thorax,
abdomen and pelvic areas. An Advanced Notice of Proposed
Rule Making within the US indicates that the current side impact
standard might be reviewed to allow the use of one or both of
these more advanced dummies.[14] Within Europe a new side
impact directive has been discussed, using the EUROSID-1
dummy, with an enactment date of 1995.{15)

2.1.3 Pedestrian Dummies.

Pedestrian injury has fallen dramatically in the UK over the years.
This is not necessarily a result of improved vehicle design but
more a result of changing travel patterns, transport systems, road
design etc. To improve further the situation for pedestrians struck
by cars, safety research is carried out on the exterior of cars using
special dummies. These are often modified ‘in vehicle' dummies,
the principal modifications being to the pelvis and to the legs
giving the lower limbs a higher degrec of biofidelity and injury
measuring capability.[16] The pedestrian version of the OPAT
dummy is used by TRL. Its legs have been redesigned to measure
both leg impact accelerations and leg bending forces. For legis-
lative purposes component tests using impactors are being devel-
oped, based on the results of impacts using these dummies.

A simple pedestrian dummy for assessing the safety of vehicles
was developed in Sweden and France, having only a single leg,

* ‘The Emergency Rescue Dummy’ is a product manufactured by OGLE Design Ltd, Letchworth, Herts. UK.
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to improve test repeatability in a possible legislative proce-
dure.[17])

2.1.4 Motorcycle dummies.

As for pedestrians, motorcycle injury has fallen dramatically due
to reduced numbers of motorcyclists and changed usage of
motorcycles. Again improvements are possible and tests are now
being carried out on motor cycles in order to reduce the high risk
of lower limb injuries to motor ~clists. For this type of impact
seated dummies with special load measuring legs are used to
study and develop leg protection systems and other advanced
protection systems such as motorcycle air bags.[18]

One dummy modified for use in motorcycle testing has been
developed in Canada and is a derivative of the Hybrid HI frontal
dummy.[19] Another motorcycle dummy is based on the OPAT
dummy and has been used extensively inthe UK at TRL .{18]-{20]
The UK dummy legs are covered in an aluminium honeycomb
material, enabling post crash assessment of impact energy to be
made.

2.2 Child Dummies.

All the previous discussion has related to dummies based on the
adult population. Children change rapidly in shape, mass and
physical structure especially in the earlier years. Although con-
ventional adult restraints can protect children from excessive
injury, special child restraints, designed for a particular size
category, can improve the protection levels afforded to children.
Within Europe and the UK special child sized dummies are used
to devclop and approve child safety devices.[21] [22] The main
European dummies are produced in the Netherlands and the UK
and are based on five child sizes. The dummies represent the 50th
percentile mass child for an ‘at birth® baby (called P0), a9 month
old child (P3/4), 3 year old (P3), 6 year old (P6) and 10 year oid
(P10)." Since the main role of the dummies is the ‘approval’ of
child safety systems, they are fairly simple. The dummies were
designed with appropriate dimensions and mass distributions to
load child restraints dynamically, and also to detect potentially
injurious circums’nces deriving from high chest acceleration
an¢: abdominal loading resulting from submarining. There is
basic irstrumentation in the abdomen and thorax but a high
degree of biofidelity is not one of their prime featurcs.

3 AUTOMOTIVE DUMMY DESIGN.
3.1 Requirements.

A test dummy is designed to be a human surrogate in a crash test.
As with many test devices the design and development i3 a
compromise between a number of conflicting requirements. The
following paragraphs detail the principal design attributes of a
dummy. Depending upon eventual dummy usage the relative
importance of each attribute will be different.

3.1.1 Anthropometry.

One of the prime functions of a crash test dummy is that it should
have similar shape, mass distribution and joint articulations to
that of the human. Base anthropometric data is fairly easy to
obtain except for segmental masses, segment moments of inertia
and segment centres of gravity. The most recent data on motor

vehicle occupants has been generated in the USA.[23] The
previous data base used was also based on the US population.[24)

Adult dummies representing three size groups are defined. The
most frequently used crash test dummy is the SOth percentile
adult male, representing ‘Mr Average’. Two further dummies
representing the ends of the adult population are occasionally
used. One is a dummy representing the larger occupant, the 95th
percentile adult male, and one for the smaller adult, the Sth
percentile adult female. The precise size of a dummy is a
compromise between several different requirements. Based purely
onacollection of average segmentlinear dimensions and segment
masses a dummy would not equate to the average human. This
problem is even more pronounced if the Sth and 95th percentile
is considered. In order to produce a given percentile dummy
principal dimensions are selected, and from these compromises
are made to produce the overall dummy. For car occupants the
stature is obtained by combining seated height and leg length,
other dimensions, such as shoulder width, chest circumference
etc, are selected to suit.

Child dummies are defined by age and are intended to represent
the 50th percentile child for that age.

3.1.2 Biofidclity.

Biofidelity is thc degree to which a surrogate duplicates the
properties of the living subject which it is intended to represent.
As far as automotive dummies are concerned, it usually applies
to the dynamic response to impact conditions. A test dummy must
have an acceptable level of biofidelity in order to respond in an
impact in the same way as a living human would. The acceptable
degree of biofidelity is dependent upon the ever .al use of the
dummy. A high level of biofidelity is necessary in order to study
injury risk. This is the most difficult of all the design attributes of
a crash test dummy for two main reasons. Firstly, the scarcity of
good, relevant biofidelity design data and secondly the assess-
ment of whether the measured biofidelity of the developed
dummy is sufficient. Since the biofidelity of a dummy is required
for injury risk assessment in an injury producing eavironment,
the design data must also be available for this same environment.
Some limited human volunteer data are available at low energy
sub-injury producing levels, but obviously not at high energy
injury producing levels. Most high energy data are obtained from
cadaver testing, originating in the USA, Germany and France.

Cadaver tests can be split into two main types, full body impacts
and discrete body region impacts. The latter type of test cau be
further splitinto two types, discrete tests performed onacomplete
cadaver and those performed on dissected body parts.

The value of the cadaver data, for the purposes of defining the
performance of an automotive test dummy, is highly correlated
to the type of impact being performed and the parameters being
assessed. Cadavers cannot exhibit many of the attributes of the
living body. Care must be taken in evaluating the biofideiity of a
dummy based purely on cadaveric responses. To some extent the
value of the cadaver data itself is dependent on _ie condition of
the cadaver at the time of the impact test, whether fresh or
embalmed, and the condition of the donor at time of death - age,
nourishment and cause of death etc. Cadavers do not have any
muscle tone nor any natural internal body pressure from circu-
latory systems, both of which can have a strong influence on
responses to impact. Cadaveric tests used to determine the
kinematic performance of the neck will be of limited use since the
cadaver is not able to support its ow .. neck pre-impact or control

* The European child dummies are distributed by TNO, Delft, Netherlands.
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Figure 7.
Head and neck angle response, concept demonstrator design, 15-G forward impact.

its articulation and displ t during an impact, whereas an
impact to the skull studying skeletal fracture thresholds would
have more relevance. Impacts to the thorax are less clearly
defined since the performance of the thorax is a combination of

keletal strength, p le tone and visceral components,
the proportionate influence of each being difficult to determine.
Test environment is also likely to bave a strong influence on the
response of a cadaver. Gravitational effects can influence the
mass distribution and shape of the cadaver compared to a live
subject.

Considering these many influences the cadaver data must be
critically reviewed and prioritised.

3.1.3 Repeatability.

A test dummy, like any other item of test equipment, must give
the same output when subjected to the same input. This dummy
attribute is slightly at variauce with respect to the response of a
buman in that the same human might respond differently due to
muscle tone or respiratory condition to the same input.

A vehicle impact test can have many possible variations, so
dummy repeatability is usually quantified in well controlled
‘non-vehicle' impact tests. An tof dummy repeatability
can be gained by examining peak dummy responses from repeated
tests with the same dummy. Where a test has been repeated more
than once the Coefficient of Variation(%), can be derived from
the mean response value and the standard deviation. The greater
the number of repeal tests the better is the quality of the estimate
of the Coefficient. it is generally considered that a Coefficient of
Variation of about 10% is acceptable for complex crash test
dummies, under well controlied test conditiops.

3.1.4 Reproducibility.

Reproducibility is very similar to repeatability but is the exten-
sion of repeatability to other identical dummies. Different dummies
built to the same design must give the same results from a similar
unpact. To assess reproducibility several samples of the same
dummy should be tested at the same establishment in order to
eliminate any additional variation present between test establish-
ments. To assure reproducibility dummies are subjected to a
range of certification tests. (See Sectiop 3.4)

3.1.5 Robustness.

Robustness is a deviation from the human characteristic. Whereas
ah could be injured in an impact and become structurally
‘vasound’, the dummy is usually required to remain structurally
intact. Inorder to improve vehicle design the dummy must be able
to record the extent of any overload rather than the knowledge
that an overload had occurred in excess of the dummy's strength.
Knowing the amplitude of overload enables ac of
known response to be developed. Dummy rob is an
important aspect in terms of vehicle development costs.

Robustness as defined above is not always required with in all
dummies, since dummies with frangible clements are used for
specific purposes. Frangibility has been suggested to invest, gate
the effect of breaking legs on the ‘free flight trajectory’ of a
motorcycle dummy,[19] though frangible components have the
disadvantage that they can give no indication of the extent of
overload and the materials used may also introduce an undesir-
able variability {25]

3.1.6 Sensitivity.

It is important that the test dummy is sensitive to impact but
relatively i itive to ext p like temp

and humidity effects. A dummy’s response must vary in a reliable
manner. Where an input varies in such a way that injury risk will
change so must the dummy’s output change. Conversely when
evaluating the performance of a car it is not desirable that small
differences in impact location on the dummy, which would not
substantially change the risk of injury in a human, should produce
large variations in dummy output.

3.1.7 Economy.

Crash testing can be viewed as a development overhead, thus it
is desirable to minimise the cost of testing. Several of the
atiributes already discussed bear on the cost of maintaining the
dummy in usable order. One of the other cost elements in crash
testing is the initial capital cost of the dummy itself. The cost
element also covers the expenditure necessary on instrumenta-
tion and data processing as well as the complexity and frequency
of dummy certification.

3.2 Instrumentation.

The standard ion and cc ity of instr
in any dummy is a function of its ability to detect, and predict
accurately, injury risk.

instr

Two approaches to dummy transducer design can be taken.
Firstly acontinuously measuring device, giving a varying output
for a range of inputs. Secondly a go / no-go type of measuring
device eg. a switch{26] or a failing element like a frangible face
form.[27] Of the two design philosophies the former method is
the most frequently adopted and accepted in the automotive
industry.

Mostdummy heads are currently instrumented with three axes of
linear acceleration. However arrays of nine accelerometers are
now being used to study not only linear acceleration but also
rotational acceleration of the head. Acceleration of the thorax and
pelvis is commonly measured. Thoracic deformation is now
being recorded in side impact and frontal dummies. Forces are
measured in the abdomen and pelvis of the EUROSID-1 dummy.
Manynew specialised transd have b Joped to my

shear and bending forces as well as tepsile and compressive
forces, for dummy parts such as the neck and lumbar. A new
instrumentation system is currently under development to study
chest deformation and loading. The chest baud is a strain gauged
belt{28) that is strapped around the thorax and can measure
deformation profiles dynamically. A current version of the chest
band uses 42 data channels.

1

The second type of transducer, go/no-go devices, cannot address
the problem of ‘By how much did it fail?’” Although switch type
devices can be readily calibrated, frangible devices cannot, since
‘failure’ is their sense mechanism. Calibration of a frangible
device is a contentious issue. Frangible devices can only be
certified by quality assured production methods and by sample
batch testing. Even so confidence in their performance is low
since there is always the doubt whether ‘a good sample’ was used
in the test. Retrospective testing of frangible elements that have
not broken can take place but again uncertainty underties retro-
spective certification since the sample could have been damaged
during the impact.



3.3 Dummy Design Methodology

The most important design feature in any dummy is the desired
level of biofidelity. Simple dummies used for quality assurance
tasks are mainly design based, requiring little if any dynamic
performance attributes. Dummies requiring a high degree of
biofidelity must be certified and designed on a performance
basis, as well as a design basis.

Thedesign of any advanced crash testdummyis .. nly basedon
a two part specification. The dummy must first .neet certain
dimensional criteria (mass, shape and joint articulation). Sec-
ondly the dummy must conform to certain kinematic criteria. The
first part of the specification is fairly easily met being based on
easily measured parameters. The achievement of adequate kin-
ematic biofidelity performance is a much more difficult problem,
even after basic performance data on the dynamic performance of
a huinan have been obtained.

As has already been stated crash test dummies are used to study
high energy crash environments, in which human severe trau-
matic injury or death is apossibility in a human. Since live subject
testing is not possible data based on human cadavers is used, with
compensations being made to ‘humanise’ the cadaveric re-
sponses where necessary to make them more closely relate to the
performance of a live human being. In addition since not all
cadavers are of the same size and shape ‘normalisation’ of
cadaver responses is carried out to ‘correct’ the data to a mean
cadaver response. For a side impact dummy an ISO working
group developed a set of design targets.[29] The EEVC re-
examined the ca..ver data and extended the ISO work to develop
a more closely defined set of design targets for a side impact
dummy. The EEVC also rated the requirements with respect to
their appropriateness for defining the performance of a side
impact dummy used to represent occupants in a vehicle impact,
in terms of test repeatability, reproducibility and level of injury
severity.[30]

Several different design methodologies exist to develop a crash
test dummy. One very poor design process is to design, build a
mechanical surrogate and then to develop it during a large
programme of ad boc impact testing, until a reasonable match
exists between desired and actual performance. Although this is
a valid developmental method, little can be learnt about the full
dynamic performance of the dummy, other than the information
gathered from whatever instrumentation may be used. A more
broadiy based and better method is to commence development
with mathematical modelling of the human in the impact condi-
tions in which the cadavers were tested and in which the dummy
will eventually tested, the mathematical mode| being setupin the
general form of how the final dummy might be built. This
methodology allows the designer to obtain a better understanding
of not only the cadaver test but also the planned dummy’s
performance in terms of stress/stiffness levels and any potential
injury related indices. This latter design method was adopted by
TRL for the design of the thorax of EUROSID-1. Figure 2 and
Figure 3 show the developed computer model of the EUROSID-
1 rib module and the rib design developed by TRL.

A lumped mass computer model of a thorax was developed by
Langdon,{31] utilising the ACSL simulation language. Using
this model sensitivity checks were made to determine the role of
each of the individual elements of the thorax. The model was
exercised against the three available cadaver data bases, impactor,
sled and free fall drop tests, in more than two hundred simulations.

During the computer modelling period it was found that no single
data set for the model could be used to match ail of the three
cadaver data bases. The conclusion was that either the three test
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Figure 2 Computer model of EUROSID rib.

procedures were incompatible, or that the lumped mass model
itself was over simplified. It was acknowledged that the thorax
was modelled as a collection lumped masses, whereas the human
thorax is mainly distributed mass around a low mass skeleton.
Hand in hand with the modeiling exercise preliminary rib units
were manufactured and tested, the results being compared to the
computer model predictions and to the cadaver data. The final
mechanical design of the thorax was based on the cadaver data set
that was considered to be closest to the car impact severity.

Figure 3 EUROSID-1 Rib Module

One of the cadaver data bases used was based on simple pendu-
lum impactor tests. This test was also performed on a single rib
module, rigidly mounted, thus permitting simultaneous develop-
ment of the simulation model and of the rib. When the module
was considered to be sufficiently well developed a full thorax was
built of identical modules and evaluated against all of the three
sets of impact tests, replicating the cadaver tests.

3.4 Dummy Certification.

Dummy certification is an c.cment of both dummy repeatability
and reproducibility. In order that all dummies built to the same
design will exhibit the same dynamic performance each must be
checked against a defined common standard, on a regular basis.
Certification, sometimes loosely called calibration, is the process
of checking, and component tuning, against a specified standard
for that particular dummy. Automotive dummy certification is
based on procedures at either full dummy or component level.
Certification procedures need not necessarily be based on ca-
daver test procedures but should be based on a test at a level of
severity similar to that in which the dummy will eventually be
used. Automotive dummies are certified in pendulum, impactor
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and free fall drop tests as well as in quasi-static test procedures.
All three techniques are used in the certification procedures
defined for the EUROSID-1 dummy.[32]

4 DUMMY CALIBRATION AGAINST INJURY
CRITERIA.

The calibration of a dummy is the derivation of the relationship
between the transducer outputs and the risk of real hunyan injury
in an impact of similar severity. This relationship dues not
necessarily have to be a simple single parameter relationship but
can be a complex combination of several measured parameters
e.g. displacement and velocity. Once a relationship has been
established between this criteria a ‘level of acceptable injuryrisk’
must be established, in order to create pass / fail levels for use in
standards or regulations. It is also valuable for research purposes
so that changes or improvements can be quantified in terms of
reduction in injury risk.

4.1 Calibration Philosophies.

Actual dummy calibration can be achieved by a number of
methods. One method is based on discrete cadaver impact testing,
similar to that used to develop performance data for the dummy
design. In this method direct comparisons are made between the
cadaveric injury and dummy output. This approach is a valid one
for initial calibration estimates, and the derivation of appropriate
criteria. It has the disadvantaye in that the calibration is based on
acadaver, which is not always a good representation of a living
bhuman.

A second calibration method compares dummy transducer data
against real world accidents n which live occupants may or may
oot have been injured. Tw techniques are used to make this
comparison. The first is bas.d on the reconstruction of selected
accidents with adummy re- ~senting the injured occupant in the
accident. Much informatic - can be learnt about the selected
accident bu: whether the se .ccted accident and injured/uninjured
occupant is a good represer alive of the population at risk is an
unknown factor. Thiscan b a very costly and resource consum-
ing approach to dummy ca'*bration.

A potentially more accurat. method is based upon a statistical
approach to the analysis of - .arge sample of actual accidents with
subsequent comparative impact testing. This approach is the
most difficuit of the two ‘liv - subject’ techniques as it relies upon
having a large in-depth ac. dent data base of adequate quality.
Detail is needed on acciden. circumstances, vehicle damage and
the injured and uninjurew occupants. The way in which the
accident data may be samp! d can have a major influence upon
the outcome of the calibrs’ n. Consequently it is important to
sample accidents on an accr ' :nt severity (input) basis rather than
on injury {(outcome) basis. ' or this calibration technique to be
useful, data are required not only on injured occupants but also
uninjured occnpants in accidents of a similar severity. Data are
also required on uninjured occupants in low severity accidents in
order (o regress fully across the injury and impact severity
spectrum. This technique is possibly the best calibration method
as it attempts to minimise the selectivity of the former approach.
This statistical approach has been successfully used o calibrate
a UK frootal impact dummy OPAT {33)

4.2 Tolerance Criteria.
The selectic.a uf tolerance criteria is a function of the expected

loading mechanism as well as the expected injury. If a body part
is 1o be directly impacted, possibly with a concentrated force, it
is inappropriate to measure only global acceleration as this could
not adequately mounitor the severity of the localised impact. The
localised impact might cause a puncture injury, skeletal fracture
or soft tissue injury. Body part accelerations might be expected
to correlate better with internal organ damage rather than surface
injury or fracture.

If a single injury criterion is adopted for a body part, the as-
sumption is made that all potential injury to that body area is
solely related to that one parameter. In reality injury can be
caused by multiple factors. Failure of all biological material is
known to be load rate dependent. Thus one could sustain minimal
injury under slow crush conditions but sustain massive injury
under high velocity crush conditions, for the same level of peak
crush. Bone is a visco-elastic material[34] [35] and its properties
are affected by the rate of deformation. A number of studies have
demonstrated the relationship between injury and a viscous
injury criteria[36] (37} while Langdon[38]} suggests from a
theoretical study of the thorax that a viscous based criterion
correlates with shear strain in the soft tissues of the thorax.

A simplistic approach to tolerance levels assumes that below
some threshold level injury never occurs and that above this level
injury will always occur. This is very far from the truth. Injury
severity and injury risk can vary due to several factors, including
age, mass and sex and the physical condition of the occupant. The
true relationship between impact severity and injury risk is of the
form of a sigmoid curve as shown with associated confidence
limits in Figure 4. For an increasing severity of impact the risk of
injury increases, but not as a linear function.
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Figure 4 Probability of injury as a function of impact
severity.
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Obtaining this type of relationship from accident and dummy
data uses a dose-response analytical technique called Probit
analysis.[39] An alternative similar method uses the Logit trans-
formation. The quality of this predicted relationship is shown in
the confidence limits. Vehicle legislators must decide, when
setting threshold limits, what is an acceptable level of injury
severity and injury risk and on this assessment a pass/fail level
can be set.

Threshold limits are set to reduce the threat to life and the
occurrence of serious injury. The emphasis in the automotive
industry is to reduce both fatal and serious injury as classified by
the Abbreviated Injury Scale.[40] i.e. injuries 2AIS3.

S FUTURE USE AND DEVELOPMENT OF TEST
DUMMIES.

5.1 Conventional Dummy Design.

Existing dummies bave been shown to be useful test devices for
improving safety systems in vehicles. More advanced test dum-
mies are being developed along with more complex instrumen-
tation systems. These new dummies will more readily differen-
tiate between poor and better safety systems and, with enhanced
instrumentation, will be able to evaluate injury mechanisms not
now studied. In order to improve harmonisation across continents
the EEVC is linking in with the development of the new NHTSA
dummy programme {8} with the newly formed Working Group
12.

Mostexisting dummies are constructed from steel, or other metal,
elements with conventional mechanical joiots or links. This
method of construction is poor, since there is a great difference
between the density of steel and the density of the human skeleton
it represents, thus the mass distribution within the dJummy is poor
compared to humans. To reduce the impact stiffness of the pelvis
in EUROSID-1 a plastic pelvis has been developed. In addition
EUROSID-1 incorporates advanced foam materials for use as
flesh substitutes. It is expected ihat as a result of the quest for
improved dummy biofidelity future Jummies will need to be built
using advanced ‘plastic’ materials, aithough this may make the
dummies more temperature sensitive.

£.2 Mathematical dummies.

There exist several different computer modelling codes, and
some of these contain a form of crash test dummy model. One of
the many codes widely used in the automotive industry is
MADYMO.[4]] In this code, data sets for both frontal and side
impact dummies exist. Many vehicle manufactures use more
complex codes to help them develop safer vehicles, in greater
detail. One such technique nses dynamic firite elemeat model-
ling. as in, DYNA 3D.{42] These finite element models require
very powerful computers on which to run. Vehicle manufactures
develop finite element mathematical models in order to study
vehicle collapse modes. Vehicles, though, are finally evaluated
not on coliapse modes but on injury risk as assessed by a test
dummy. TRL in coliaboration with Ford (UK) and Ove Arup are
developing a detailed finite element model of the EUROSID-1
dummy. This collaborative research project, of which phase one
is due to be completed during 1992, aims to bridge the gap
between the structural collapse vehicie model and a full injury
nisk model.

6 CONCLUSIONS.

1.The design and level of dummy complexity is dependent upon
eventual use.

2.Both simple and complex dummies have valuable roles to play
in research and legislation aimed at reducing injury risk to all
vehicle occupants involved in high energy, injury producing
situations.

3.The approach to dummy design is notexclusive to the automotive
industry and the use of automotive based dummies in alternative
transport systems could show a benefit to humans in these other
risk eavironments.
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ABSTRACT

This paper reviews recent experience with a new test
dummy intended principally for use in motorcycle crash
testing. Madifications to the Hybrid lll to better service this
particular environment also makes the device potentially
suitable in aircraft occupant crash protection assessment.

This new ATD contains a t6-channel on-board data
acquisition system, lower extremities that are capable of
monitoring for leg and knee injuries, a more flexible lumbar
spine, a penetration monitoring abdomen. a deformable
thorax with improved motion sensing capability and a neck
with improved flexion and extension bending response.

The femur and tibial complex are constructed of frangible
elements whose biomechanica! responses are based on
available cadaver data. The knee is designed with fusible
links that fail at load levels commensurate with that of
human knee ligaments.

The test device has been used in full-scale crash tests as
well as limited laboratory validation tests. This paper
illustrates the potential of this injury monitoring device for
aerospace applications as well as identifying areas of
future work.

INTRODUCTION

Crash testing similar to that used for road vehicies is
becoming increasingly important in the improvement of the
crash-worthiness of aircraft. A car crash test occurs in a
relatively controlled environment with little dummy motion
occurring. The needs of this type of testing have led to
the development of anthropometric test devices (ATD's)
specifically designed for this environment in terms of
impact response. As an example, the standard car crash
dummy, the Hybrid i1l has three areas that can claim to
human-like impact response; the head, the chest and the
knees, and these have all been designed for impacts fromn
the front.

This paper describes the modifications required to give a
Hybrid 11! adequate levels of impact response and injury
sensing capability for the motorcycle test environment.
The crash environment of the motorcyclist and the aircraft
occupant is very different from that of a car occupant.
These crash environments are relatively urv dnstrained and
of long duration in comparison to a car crash. A series of
individual impacts may be of significance in assessing the

overall injury potential of the crash. For this reason, the
motion of the motorcyclist ATD must be as unimpeded as
possible and it must be able to respond to a wider variety
of possible injuries. Such a motorcyclist ATD has potential
for injury monitoring in the aerospace crash environment
as well. A modified version of the Hybrid Ill is already
used for this type of testing [1]. The attributes rquired of
a motorcycle ATD make it more suitable than tne Hybrid
lll for both ejection seat testing and for studying the
causation of injuries to aircraft occupants in crashes. For
example, statistics for U.S. army aircraft [2] indicate that
the four most common areas of the body to suffer fatal
and major injuries in crashes are the head (20%), lower
extremities (11%), vertebra (16%), and thorax (13%). In
all these body areas, the motorcyclist ATD described here
has these injury sensing capabilities.

In 1989, St-Laurent et al. (3], described the design and
basic features of the first motorcyclist anthropometric test
device, the MATD1. This ATD was based on a pedestrian
style Hybrid Il modified to be more suitable for motorcycle
testing. The modifications were in three areas, to improve
the injury sensing potential, ‘o improve biofidelity and to
include an onboard data acquisition system.

The most significant injury monitoring modification was to
the lower extremities of the dummy. The standard steel
femur and tibias of the Hybrid |li were replaced with
frangible units whose strength and stiffness characteristics
mimicked that of the human. In addition, the knee
complex was redesigned to allow simulation of ligament
rupture at the appropriate biomechanical levels. The
MATD1 aiso had additional modifications to the head and
neck region to allow helmet fitting and hands which were
able to grip the motorcycle handle bars. It was fitted with
an on-board data acquisition system which filled the chest
cavity of the dummy.

The MATD1 has been used in a crash test series [4].
Based on this experience, a further series of refinements
to the ATD have been developed and this new version,
known as the MATD? is described herein. Changes to the
on-board data acquisition system have aliowed the thorax
to retain the biofidelity of the Hybrid Il thorax. This has
been combined with more comprehensive chest
deformation sensing capability. An injury monitoring
abdomen has been added, along with a lumbar spine of
greater biofidelity. Finally, a modified neck with improved
kinematics in frontal impacts has been developed.
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MATD DESIGN REFINEMENTS
Lower Extremities

The purpose of the modifications to the Hybrid Ili lower
limbs was two fold. Firstly, the frangible units provide a
direct means to assess various significant lower extremity
injuries. The design is such that the frangible elements
monitor for fractures at all points on their length and
circumference, while the knee design provides direct
evidence of the knee injury failure mechanisms. Secondly,
it provides a more appropriate load path, and hence
subsequent kinematics, in those cases when the crash
would indeed be expected to produce a fracture or
distocation of a lower extremity.

For the initial tests, 6 axis load cells were attached at the
upper femurs and multi axis strain gauges were installed
in the lower femurs and upper and lower tibias. These
were used to verify the loads up to potential fracture and
to allow analysis of time-dependence and cause-effect
relationships.

Knee Joint

The frangible knee assembly attaches directly to the base
of the clevis of the existing Hybrid Il knee, but it does not
interfere with the knee in terms of flexion and extension.
The design includes two brass pins which act as structural
fuses, shearing when the load, in either torsion or varus-
valgus rotation, exceeds the established tolerance levels.
Appropriate response prior to failure is achieved by way of
plastically deformable springs. Test results for the knee
unit, in comparison to cadaver characteristics reported by
St. Laurent et al. {3] are reported in Figures 1 and 2. The
surrogate knee response curves end at the points where
their respective shear pins failed. As can be seen, the
strength and stiffnesses are reasonably human-like for
both forms of motion. The post-failure resistance to
rotation is near zero for both modes.

Leg Bones

Both the tibia and femur were constructed of composite
materials. In essence, they are tubular in shape, wound
with helical and axial glass fibres imbedded in a resin
matrix. Butkheads are used to prevent premature iocal
tubular failure. Table 1 provides the results of a series of
static tests in comparison with the design specifications.

Figure 3 compares the tibial force deformation
characteristics of the surrogate bone to data compiled by
Yamada for simply supported static bending [5).

In addition to static tests, the composite tibia has been
subjected to impacts at the mid-span with a 76 mm
diameter cylindrical anvil. These tests were meant to
approximate the methods used by Fuller et ai [6] in their
dynamic tests of cadaver legs. Figure 4 compares the
fracture response of the surrogate leg bone with the
cadaver responses. The ¢ srrogate legbone lies within the
forceftime envelope of 9 cadavers and is somewhat
stronger than 6 of the 9 cadavers. The time to fracture
(less than 1 msec) verifies that the surrogate leg bone has
an appropriate level of brittleness.

Leg Weights

The surrogate leg components were designed to have
inertial properties very similar to those of a standard
Hybrid lil dummy. For example, the leg mass, including all
components which articulate about the hip ball joint are,
for the Hybrid Ili; 14.8 kg, for the MATD; 15.1 kg.

Lumbar Spine

The curved lumbar spine of a standard Hybrid Il is
designed to ensure a stable seated posture for a vehicle
occupant. This curved spine does not aliow enough
flexibility of dummy posture for a motorcyclist ATD. A new
straight spine was developed with improved static flexion-
extension bending response. A comparison with available
volunteer bending response data for this new spine is
included in Figure 5 [7). The new spine has been
designed to be used with a six axis lumbar spine load
transducer.

Abdominal insert

The soft vinyl abdominal insert of the Hybrid Wl has been
replaced by a crushable foam insert based on that
developed by Rouhana et al. [8], but with some significant
changes. The original General Motors developed insert
was designed to monitor for seat belt loading to the
abdomen. The insert for the MATD2 moriitors for more
generalized penetration into the abdominal region. This
combined with the smaller volume available in this ATD,
because of the changes to the lumbar spine, required a
solid foam insert.

The smaller front-to-back depth of the insert reduced the
ability of the insert to show deep abdominal penetration.
The injury criterion used by Rouhana et al. was based
solely on deformation of the abdomen and penetration
equivalent to serious injury caused the MATD2 insert to
bottom out. The force deflection corridors obtained by

Table 1: Design Verification, Static Tests

Component Test Mean Range N Criteria Difference
(Nm) (%) (Nm) (%)
Femur Static Bending 2885 +/-27 3 2828
Static Torsion 178.2 +/-56 5 165.7 7
Tibia Static Bending 2414 +/-6.4 8 253.3 5
Static Torsion 127.2 +/-10 4 117.0 8
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Cavanaugh [9]. from cadaver tests were modified to
compensate for this reduced penetration.

The modified performance corridors and dynamic
responses of the insert are presented in Figure 6.

Chest Deflection Measurement

In the MATD1, the data acquisition system virtually filled
the chest cavity. The changes made to this system for the
MATD2, discussed in this paper, allowed the inclusion of
an improved chest deflection measuring system. This now
consists of pairs of string potentiometers triangulating the
top and bottom of the sternum of the dummy. The
movement of the sternum is monitored both laterally and
in a fore-and-aft direction.

Neck

For a motorcyclist ATD, humanlike neck response is of
vital importance in obtaining realistic kinematic and
dynamic responses of the head during crashes. The
performance requirements for Hybrid [l head-neck
response were proposed by Mertz and Patrick [10]. Neck
response was defined by the relation between the torque
about the occipital condyles and the position of the center
of gravity of the head. Wismans et al. [11] proposed
further requirements relating the angle of the head to that
of the neck, based on the analysis of volunteer and
cadaver test data.

Tne MATD2 neck has been redesigned to improve the
head and neck kinematics in frontal impacts. These
modifications have been aimed at allowing the dummy
head to keep more vertical as it moves forward before it
starts to rotate downward. The frontal responses of the
modified neck are compared to the standard Hybrid il
neck in Figures 7 and 8.

Figure 9 illustrates how these modifications allow the head

ot the MATD2 to remain more vertical than the standard
Hybrid Il head as they move forward in a frontal impact.

.
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Further development is planned for the modified neck to
make its compliance more closely approach to that of a
human. This is required to ensure that realistic loads are
generated at the occipital condyle during impact to allow
the neck load transducer to be used for injury sensing.
The standard Hybrid 1ll has a neck load transducer fitted,
but the output of this does not relate well to loads likely to
be generated in a human neck under impact conditions.
As an example of this, the testing has shown that high
torsional moments (Mz) are generated in helmeted impacts
by the current Hybrid lll neck, yet there is little evidence of
this type of injury occurring in motorcycle field accident
data.

THE DATA ACQUISITION SYSTEM

The MATD2 includes a self-contained 16-channel data
acquisition system. This eliminates the need for any
attachment cables that, in a motorcycle crash environment,
could signiticantly effect rider kinematics. This data
acquisition system samples at 10,000
samples/second/channel and is capable of recording up to
13 seconds of data. This is important since injuries can
occur during the primary car to motorcycle crash as well
as during subsequent rider contact with the ground.

The system is mounted in a redesigned spine box, which
is mechanically compatible with the standard Hybrid i
spine box. The modified spine box weight is the same as
the Hybrid Ill version and the full biofidelity of the Hybrid
Il thorax is maintained.

The sensors typically used with MATD2 include:

3 head linear accelerometers

3 head rotational accelerometers

neck Fx, Fy and My forces and mements
lumbar Fx, Fy and My forces and moments
upper sternum X and Y deflections

lower sternum X and Y deflections

The system is compatible with all commonly used dummy

56 &0 7 80

Penetration (mm)

Figure 6: The Response of the MATD2 Crushable Abdominal
Insert with the Modifled Performance Corridors from Cavanaugh et al. [9]
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load cells, potentiometers and accelerometers.

SUMMARY

The MATD2 is an ATD specifically developed for
motorcycle crash testing. It is based on the Hybrid il with
improvements in injury sensing capabilities and biofidelity.
These changes, and the inclusion of a seif-contained data
acquisition system, make it appropriate for use as an
aircraft crash test dummy.

REFERENCES

1.

Frisch, P., Ayoub, P., "Enhanced Anatomically
Representative Manikin Pelvis Supporting a Self-
Contained instrumentation/Electronics Subsystem®.
SAFE Journal, Vol 20, No. 3, 1990.

Simula Inc., "Aircraft Crash Survival Design Guide®.
Vol. N, Aircraft Crash Environment and Human
Tolerance, Final Report, USARTL-TR-79-22B,
Tempe, Arizona, January, 1980.

St-Laurent, A, Szabo, T., Shewchenko, N., and
Newman, J.A, "Design of a Motorcyclist
Anthropometric Test Devire®. 12th International
Technical Conference on Experimental Safety
Vehicles, Goteborg, Sweden, 1989.

Newman, J.A., Zeliner, JW., and Wiley, K.D., "A
Motorcyclist Anthropometric Test Device MATD".
1891 international IRCOBI Conference on the
Biomechanics of Impact, Berlin, Germany, 1991.

Yamada, H., "Strength of Biological Materials®.
Edited by F.G.Evans, Williams and Wilkins, 1970.

Fuller, P.M., Snider, J.N., "Dynamic Response of
the Humen Leg to Impact Loading, Third Year
Repon, Research Overview 1988-1989, Volume 1*,
Department of Anatomy, School of Medicine,
University of Louisville, KY and Industral
Engineering Department, University of Tennesee,
Knoxville, TN, April, 1989,

7.

8.

10.

11

Nyquist, G., and King, A., "Chapter 2: Spine".
Advanced Anthropomorphic Test Device (AATD),
Development Program; Phase 1 Reports: Concept
Definition, NHTSA, 1985.

Rouhana, S.W., Viano, D.C., Jedrzejczak, E.A.,
McLeary, J.D., "Assessing Submarining and
Abdominal injury Risk in the Hybrid i1l Family of
Dummies®. Proceeding of the 33rd Stapp Car
Crash Conference, Warrendale, PA, 1989.

Cavanaugh, J.M., "Nyquist, G.W., Goldberg, S.J.,
King, A.lL, "Lower Abdominal Tolerance and
Response®. Proceedings of the 30th Stapp Car
Crash Conference, SAE, Warrendale, PA, 1986.

Mertz, H.J., Patrick, L.M., "Strength and Response
of the Human Neck". Intemational Proceedings of
the 15th Stapp Car Crash Conference, SAE,
Warrendale, PA, 1971.

Wismans, J., Philippens, M., Van Oorschot, E.,
Kallieria, D., Mattern, R., "Comparison of Human
Volunteer and Cadaver Head-Neck Response in
Frontal Flexion®, Proceedings of the 31st Stapp
Car Crash Conference, SAE, Warrendale, PA,
1987. .




2ty

THE APPLIC-TION OF A HYBRID III DUMMY TO THE IMPACT
ASSESSMENT OF A FREE-FALL LIFEBOAT

D H Glaister
P J Waugh
L Neil
RAF .nstitute of Aviation Medicine
Farnborough, Hants, GU15 65Z, UK

Summary

A requirement to monitor occupant forces
during the launch of a free-fall lifeboat has led
to the definition of a transportable instrumented
dummy and data-acquisition system.

Gocd quality data have been record during 21
free-falls from which advice has been given con-
cerning the acceptability of launch forces for both
injured and non-injired personnel.

Head restraint is aot considered in the
International Maritime Organisation’'s current
assessment criteria for free-fall lifeboats, but
was shown to have a pronounced effect on head and
neck forces, with significant overshoots being seen
when no restraint was available.

It is concluded that the dummy and dJata-
acquisition system developed for these trials
offers a valid means for assessing impact forces
and injury risk in novel impact environments such
as the launch of a free-fall lifeboat.

Introduction

The concept of launching a lifeboat by free-
fall, rather than by conventional use of davits,
was patented in Sweden in 1897, but the first
practical boat was manufactured by Verhoef
Aluminium Sheepsbouwindustrie only in 1960. The
technique has become widely accepted in the last
decade.

Fig. 1. A free-fall lifeboat ready for launching
from a cradle on a semi-submersible oil
drilling rig.

The principle 1is straightforward - the fully
manned lifeboat is launched from a cradle attached
to a cargo ship, tanker or oil platform, the cradle
supporting it bow down by 35° or so (Fig. 1). Upon
release, the lifeboat runs forward under gravity,
leaves the cradle and plunges a vertical distance
of up ta 30 m to enter the sea bow first (Fig. 2).

Fig. 2. Free-fall lifeboat just prior to water
entry following a launch from a height of
33 m.

Appropriate hull design can ensure that, after
a brief period of submersion, much of the kinetic
energy gained in the free-fall is converted into
forwards motion, so that the boat finishes up 100 m
or more from the point of impact, even without the
use of engine power.

Advintages of a free-fall launch, in addition
to the rapid separation from parent ship or rig,
include the ability to launch without outside
assistance, the simplicity and reliability of the
launch mechanism (basically gravity), and the use
of the necessarily sealed hull to provide sustained

!
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protection from fire and toxic fumes. However, a
potential disadvantage is that the forces induced
by water entry might cause injury, or exacerbate an
injury caused earlier in the primary emergency.

Currently, acceleration forces induced in a
tree-fall lifeboat launch are assessed by criteria
recommended by the International Maritime
Organisation (IMO) and recently clarified in
reference 1. The Combined Acceleration Response
(CAR) is the maximum value for the square root of
the sum of squares (SRSS) of the accelerations
simultaneously measured in the three co-ordinate
body axes, expressed as ratios to the 'acceptable’
limits of tlSGx, +7G, and 17Gz. While the SRSS
approach appears intaitively logical: it has not
been validated experimentally; the chosen limits
could be excessive, especially in the y axis;
somewhat questionable ‘not less than' 20 H, low~-
pass filtering is applied to all data; and most
important, the limits are applied independent of
seat orientation, or of seat cr restraint harness
configuration.

The Combined Dynamic Response Ratio (CDRR)
also applies the SRSS technique, but this time not
to peak acceleration values, but to dynamic
response indices in the three axes as developed by
Brinkley (1985). The Dynamic Response Index (DRI)
was origlnally developed to assess the risk of
spinal compression injury during the very high
peaks and onset rates of +G, accelerations induced
in aircraft ejection seats, and its extension to
the other five axial directions (-Cz, $G, and G)
has not been validated. As well as the criticisims
already mentioned in relation toc the CAR, a further
element of uncertainty is introduced as the limits
used in calculating the CDRR are based on either
low (0.5%) or moderate (5%) risk levels as defined
for assessing aircraft ejection systems. In these,
the additional acceleration vectors are induced
largely by windblast forces rather than through a
seat and harness system, and the application of
these values to a free-fall lifeboat launch is
problematic, particularly if no recognition is to
be given to the presence or absence of head
restraint. Also it is debatable whether even a
0.52 risk of injury would be acceptable for routine
training of potential lifeboat users.

7

Fig. 3. Dummy installed in seats
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Doubts concerning the validity of either the
CAR or CDRR led wus, in discussions with
representatives from the Department of Transport
(Marine Directorate) and the Health and Safety
Executive (Offshore Division), to consider
alrernative means for assessing the potential for
injury in free-fall lifeboat launches, particu-
larly in relation to the evacuation of already
injured personnel. Recent developments in the
biofidelity of anthropometric dummies, and the
availability of relatively portable and robust
solid-state data acquisition systems, led to the
use of an instrumented Hybrid III dummy in
preliuinary tests and to the subsequent use of this
method in evaluating the impact characteristics of
free-fall lifeboats from three manufacturers.

Methods

Initial tests were conducted using a FL24
lifeboat (Verhoef Aluminium Sheepsbouwindustrie) at
the Maritime Training Centre (MTC) facility in
Rotterdam, Holland. The MTC training rig offers a
16.5 m drop height and its associated cabin and
docking facilities made checking out, calibration
and installation of the test equipment relatively
straightforward. It also offers the advantage of a
rapid turn round, as little as 20 min between
launches.

The dummy was a standard 50th percentile
Hybrid III (Humanetics Inc) instrumented with 9
transducers as follows:

Site Transducer Axis

Head Philips PR 9367/50 accelerometer G
Head Philips PR 9367/50 accelerometer Cy
Head Philips PR 9367/50 accelerometer G,
Torso Kyowa AS/50 accelerometer Gy
Torso Philips PR 9367/50 accelerometer G,
Pelvis Philips PR 9367/50 accelerometer G,
Lower neck  Robert Denton 6 axis model F

1794 load cell
Lower neck Model 1794 load cell
Lower neck  Model 1794 load cell

x
< N

F(\hm‘h

On water

Vehicle

Gn-?

Gz

showing orientation and location of

transducers. Left, forward facing and right, rearward facing seat

configurations.




A further three Kyowa AS/50 accelerometers were
mounted i1n a block and bolted to the hull structure
so as to record accelerations in the boat's Gys Gy
and G, axes. Note that these vectors differ from
those of the dummy as indicated in figure 3, that
they also depend on seat orientation, and that the
lg gravity vector rotates through 35° between
launch and recovery, having achieved an even
greater offset at the instant of water impact (see
figure 2).

Outputs from the accelerometers and load cells
were fed to a 13 channel strain gauge measurement
system, Micro Movements Ltd M1000 series, and
thence to a ruggedised data acquisition unit, a
Kayser Portax AT 286/20 computer using Global LAB
software.

The system was set up and calibrated at the
RAF 1AM, then dismantled and loaded into a car for
shipment to Rotterdam. It was off loaded and hand
carried anto the MIC facility's deck where it was
set up and bench tested using MTC's 220v
electricity supply, the head and hull (vehicle)
accelerometers being checked against t lg inputs
using Earth's gravity. The equipment was rechecked
using a pair of 12 v lead acid batteries before
being separated into its components for transfer
to, and 1installation in the 1lifeboat. The
definitive calibration of the force transducers was
carried out in the laboratory upon return to the
UK, the accelerometers being individually
calibrated at 110G using a small (241 mm radius)
centrifuge, while the neck load cells were
calibrated using the manufacturer's published
sensitivity data. The zero base line for all
transducers was taken as the period of free-fall
prior to impact, though neck forces may still have
been present due to tension in the restraint
harness and hysteresis in the dummy neck.

Because of the complex pattern of impact
forces, and their variation down the length of the
hull caused by the lifeboat's rotation on water
entry, drops were recorded with the dummy in two
seat locations. For the first series of tests the
dummy was strapped into the lower forward seat on
the port side with the amplifiers and computer
mounted on Plastazote foam on an adjacent seat.
The vehicle accelerometer was fixed on a line with
the dummy's chest using an existing floor plate

bolt. The computer was triggered some 2 s into the
release sequence using a hand-held button. After
two successful launches and recordings, the dummy

was transferred to the rearmost seat on the port
side. The electronics were moved and refixed to an
adjacent seat and the vehicle accelerometer mounted
on a prece of aluminium channel pop-riveted to the
floor 1n the centreline just forward of the battery
box. This series of tests was completed in April
1991, since when three further series of tests have
been undertaken.

Five tests were carried out on a larger, 45
person, free-fall lifeboat using a launch platform
buirlt onto the deck of a semi-submersible crane
barge, the Hermod, anchored tn Rotterdam harbour,
with drop heights of up to 31.3 m; and eight on a
similar sized Norwegtan-built craft and a rig
attached to a semi-submersible o1l drilling plat-
form. A final series of four tests was monitored
using a d.fferent dummy (another Hybrid IIl),
transducers {Endevco Model 7264-200 piezoresistive
accelerometers) and data acquisition system (a
Fastbox developed by the Texas Transportation
Institute). These were carried out on a British
built lifeboat using a dockside tower in Europort,
Rotterdam, from drop heights of up to 25.8 m.
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Results and Discussion

Good data were obtained from all 21 tests
referred to above, but two additional tests had to
be repeated following failure to trigger the data-
acquisition system, and one following an earthing
fault caused by abrasion of a makeshift DC supply
cable. In the final series, individual data
channels were lost following ingress of sea-water
and the wetting of connectors.

Triggering of the
posed a

data-acquisition system
continuing problem due to the short
recording time available and the variable, and
sometimes lengthy, interval between the release
command and the physical release of the lifeboat.
The first tests were manned and one of us rode the
boat down and actuated the tripger manually during
the pre-release countdown. Bounce of the button
contacts caused two recording failures and
thereafter the computer keyboard was utilised. For
the second and third series of tests, which were
largely unmanned, an external trigger was used.
This was taped to the hull and actuated manually
just prior to boat release, though with an
inevitably variable time delay. For the final
tests the Fastbox was operated by a switch and
static line, a technique which precluded any record
of the pre-release 1 g conditions, useful as a
calibration check (see below). This system only
provided 5 s of usable recording time and with a 3
s delay between release and water impact, the later
phases of the launch oscillations were unrecorded.

Sea-water contamination posed a serious
problem in later tests in which leaks occurred
through access doors and hatches. Indeed, concern
about potential flooding led to the serendipidous
removal of the dummy and instrumentation prior to
an overload test in which the lifeboat's access
door failed.

Calibration of the equipment was based upon
manufacturers' sensitivity data, and confirmed by
use of a small radius centrifuge at the RAF IAM,
and by the tlg checks on accelerometers on site.
However, these latter checks necessitated stripping
down the dummy to remove the accelerometers and
were only used in the first tests as 1t was
subsequently found that calibrations at the RAF IAM
before and following a series of tests (and
associated manhandling of the dummy) were in close
agreement - usually within 2¥. A final check on
the system was obtained by calculating the angle of
the launch ramp from +G, data recorded pre-release,
and during the phase o% weightless free-fall (see
figure 4, arrow B). A value of 34.4° was obtained
which compares very satisfactorily with the actual
35° at which the ramp was constructed.

Figure 4 1llustrates lifeboat accelerations 1in
the x and z axes recorded from the hull at forward
and aft locations. The y axis data are omitted
since, with one exception (see below) they were
insignificantly small. While the general shape of
the pulses is similar: a -G, pulse as the craft
slows down along 1its longitudinal axis over a
period of 1 s, from an initial impact velocity of
18 ms '; and a *Gz pulse as the bows are forced
upwards and the stern brought to rvest following
rotation of the vessel; the pulse profiles, and in
particular, the initial spikes on first water
contact, are significantly different. Thus, the
lifeboat 1s initially rotated about its centre of
mass, causing a -G, spike at the aft seating
positinn and a +C, spike forward. The main
acceleration pulses are of low magnitude, -2G_ and
+5G,, but peaks seen in the 123, low-pass fi{tered
signal range from -4 to +0.5G, and from -4.5 to
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+8.5G,. It is these peaks, in particular, which
evoke dynamic responses from the dummy. Secondary
oscillations are seen in the G, axis as the boat
re-emerges from the water and is briefly weightless
again before finally coming to rest some 5 s
following the initial impact.

Figure 5 illustrates traces of forces recorded
in the dummy in the G, axis - head, torso, neck F,
(shear in the x axis) and neck M_ (the moment

tending to nod the head), and figure 6 shows
equivalent data for the G, axis - head, torso,
pelvis ana neck. In both figures the simul-

taneously recorded hull accelerations are shown and
major differences are caused by the differing

The later boats tested required a somewhat
extended head position 1n order to obtain .ead
contact with the head rest and this attitude could
not be achieved within the range of adjustment of
the Hybrid III dummy neck. Consequently, head
restraints could not be utilised, even when
provided. In general, neck forces were moderately
high, and head accelerations relatively low, when
head restraints were used; while without restraint
the neck forces were lower, but the head
acceleration data showed greater dynamic overshoot.

Hull G,

orientations of the accelerometers (left hand
panel, Fig. 3). There was little evidence of

dynamic overshoot 1in these particular tests 1in
which the torso and head were efficiently
restrained. Quite considerable neck forces were '

seen with, as would be expected with head
restraint, the pattern of neck F, closely following
head G, (though inverted in figure 6). The neck
moment about the y axis (M ) exhibited peaks in
excess of +700 and -400 lb ins (Fig. 5).

Hull Gy - tor'd

Hull Gy - aft
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Fig. 4. Effect of accelerometer location on hull Fig. 5. Hull and dummy G, axis forces recorded

forces. The lifeboat is released at point
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